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Preface 
 
 Organic redox-active polymers have been applied to electrochemical devices, such as rechargeable 
batteries, (bio-)sensors, and electrochromic devices due to the charge storage and transport properties in an 
electrolyte. Especially, the organic-based battery has been attracted increasing attention owing to the unique 
characteristics including flexible, stretchable and environmentally-benign properties. The electrochemical 
properties of redox polymers have been extensively studied in terms of the charge compensation process. 
Since the charge compensation with anion is involved in the redox reaction of p-type redox polymer, the 
organic-based battery composed of this type of polymer and Li as cathode- and anode-active materials, 
respectively, requires excess amount of electrolyte because of the change in the salt concentration during 
the charge-discharge process. Although it decreases the energy density in an overall cell, in contrast to the 
case for n-type redox polymer cathode, which demonstrates “rocking-chair-type” Li
+
 migration with Li 
anode, p-type redox polymer have been proposed as a promising electrode-active material for the positive 
redox potential and the compact structure of the redox center resulting in the high voltage and the high 
capacity, respectively. 
 Since the discovery of the reversible and fast redox behaviors of organic robust radicals, redox 
polymers bearing the organic radicals, which are so-called radical polymers, have been explored as 
electrode-active materials for the high-power organic-based batteries. In particular, the remarkably fast 
charge transport properties of p-type radical polymers allowed rapid charge-discharge with almost all of the 
radical sites in the layer even for those placed away from electrode surface. However, the investigation of 
the radical polymer demonstrating the “rocking-chair-type” behaviors have been still limited and the charge 
transport process should have been elucidated for further improvement of the battery performance. 
 In this thesis, the charge transport process of the radical polymer was explored as a novel 
electrochemical conduction phenomenon based on the rapid electron exchange reaction between nearby 
radical sites and the high power characteristics were combined with the “rocking-chair-type” behaviors by 
mean of the incorporation of the charge-neutralizing anion into the p-type radical polymer to give rise to 
the charge compensation with cation. Chapter 1 outlined applications and electrochemical properties of 
redox polymers focusing on the charge transport and the ion compensation processes. Chapter 2-4 
described the charge transport mechanism of the radical polymers and their application to electrochemical 
rectification devices and transistors. Chapter 5 described synthesis of the p-type radical polymer containing 
anionic moiety and its charge-storage properties in carbonate-based electrolyte for a high-rate Li-ion battery. 
The last chapter remarked the conclusion and future prospects for the charge transport of radical polymers. 
 
 
Hiroshi Tokue 
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1.1 Introduction 
 
The wide variety of organic redox-active polymers based on the combination of the main 
chain structures and redox centers put them forward as a charge transport and storage material 
in electrochemical devices. Especially, the organic-based battery has been attracted increasing 
attention due to the unique characteristics, such as flexible, stretchable and 
environmentally-benign properties. The redox polymers are divided into two types: p-type 
and n-type. The organic-based battery employing a n-type redox polymer and Li as cathode- 
and anode-active materials, respectively, shows the “rocking-chair-type” Li+ charge-discharge, 
which maximizes the energy density in an overall cell as a result of the reduction of the 
electrolyte amount. Although the p-type redox polymer cathode requires excess amount of 
electrolyte for charge-discharge, the battery composed of the p-type redox polymer and Li 
generally exhibits the charge-discharge capability with relatively high capacity and voltage, 
owing to the compact structure of the redox center and positive redox potential, respectively. 
The remarkably fast charge transport properties of the redox polymer bearing stable 
organic robust radicals as redox centers, which is so-called radical polymer, allowed the 
battery to demonstrate charge-discharge with high power characteristics. However, the 
investigation of the detail charge transport mechanism and rapid “rocking-chair-type” 
charge-discharge characteristics with high voltage have been still great challenges for further 
improvement of the organic-based battery performance. 
In this thesis, the charge transport in the radical polymer was revealed in the form of the 
polymer-sandwiched device and developed the electrochemical rectification effect based on 
the thermodynamically favored electron exchange cross reaction at the interface between 
dissimilar redox polymers. Moreover, the “rocking-chair-type” charge-discharge behaviors 
maintaining the characteristics of the p-type radical polymers were demonstrated in a 
carbonate-based electrolyte by the incorporation of the charge-neutralizing anion into the 
radical polymer toward a high-rate Li-ion battery. 
In this chapter, at first, redox polymers and their applications are reviewed to explain the 
background and repercussion of this thesis. Then, the radical polymers and their 
charge-discharge properties were outlined referring to the charge compensation process to 
describe the advantage of radical polymers as charge-storage and transport materials and to 
clarify the research issue to address in the field. The charge transport in a swollen polymer 
layer and the electrochemical rectification behaviors obtained with a heterojunction are 
described focusing on the mechanisms and approaches to achieve large current density and 
the enhanced rectification effect in the last part of this chapter. 
Introduction 
3 
 
1.2 Redox-Active Polymers and Electrochemical Devices 
 
A number of redox-active polymers have been developed on the basis of the combination 
of main chain structures and redox-active groups
1
 and the considerable variety of polymer 
structures embodies tuning of the chemical and physical properties
2
 for the applications to 
electrochemical devices.
3
 
 
1.2.1 Polymers Bearing Redox-Active Groups 
 
Redox-active polymers have been employed not only for organic-based devices but also 
for anti-oxidation, oxygen removal and the synthesis of hydrogen peroxide.
4
 The chemical 
and physical properties of redox-active polymers, which give rise to the unique functions for 
the applications, depend on the structure of the redox-active unit. An enormous range of 
organic redox-active molecules (Figure 1.1) have been discovered and they play significant 
role in biological systems.
5
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.1 Organic redox-active molecules and their redox reactions. 
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The organic redox-active molecules have been applied to rechargeable batteries,
6
 
supercapacitors,
7
 luminescent devices
8
 and electrochromic devices
9
 due to their reversible 
redox behaviors at a specific potential and compact chemical structures.
 
 Meanwhile, 
polymers containing redox-active groups (Figure 1.2) have been investigated to obtain 
characteristic features in polymeric materials, such as film formability and swellability with 
electrolytes.
10
 
These polymers have been studied for sustainable and environmentally-benign 
organic-based devices due to their all organic structure without metal.
3 
Moreover, they have 
been attracting great attention as charge-storage materials because of the small molecular 
weight per redox-active site comparing with the metal complex-substituted polymers (vide 
infra), which allows charge-storage with high density.
11
 
 
 
 
 
 
 
 
 
Figure 1.2 Redox-active polymers bearing pendant organic redox groups. 
 
 
Numerous metal complexes have also been discovered and examined their functions 
including catalytic activities,
12
 luminescence properties
13
 and the mediation effects.
14
 The 
redox ability of metal complexes have been also applied to reversible condensation of DNA in 
the form of a surfactant.
15
 Polymers containing metal complexes as a redox-active group 
(Figure 1.3) have been studied for various devices, such as (bio-)sensors
16
 and 
electroluminescent devices.
17
 Although they contain heavy metal and thus the density of the 
redox-active unit is smaller than those obtained from polymers containing organic 
redox-active groups, the fast electron self-exchange reaction between metal complexes, 
multi-step redox behaviors and optical properties tunable by the combination of metals and 
ligands make the macromolecular complexes promising materials in the wide field of the 
device applications.
18
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Figure 1.3 Os and Co macromolecular complexes. 
 
 
1.2.2 Organic-Based Device Using Redox-Active Polymers 
 
The charge-storage and charge transport properties have been utilized for the energy 
storage and energy conversion in electrochemical devices. The redox-active polymers have 
been carefully designed in terms of the monomer and polymer structures including primary, 
secondary and high-order structures. In addition to the brief introductions of these 
electrochemical devices and their operation mechanisms, favorable structures for each device 
were described in this section. 
 
(a) Rechargeable Battery 
Rechargeable batteries composed of electroactive polymer, which is so-called polymer 
battery, have been developed taking advantage of the reversible redox behaviors and facile 
charge neutralizing ion motions in a swollen polymer (Figure 1.4).
3
 
The conducting polymers have been employed as electrode-active materials and the 
charge-discharge performance of the polymer battery consisting of conducting polymers was 
examined by many researchers.
19
 The battery performance was characterized by the fast 
charge-discharge realizing high power density of about 10
4
 W kg
-1
.
20
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Figure 1.4 Schematic representation of charge-discharge of the polymer battery. 
 
 
The polymers bearing organic redox-active groups (Figure 1.5) have attracted increasing 
attention toward flexible polymer battery because of the oxidation and reduction at the almost 
all of the redox centers in the polymer. The theoretical capacity calculated from the formula 
weight can be achieved in the polymer battery.
21
 Moreover, the redox reaction at the specific 
redox potential in these polymers embodied the polymer battery without fluctuation of the 
output voltage.
22
 
 
 
 
 
 
 
 
 
 
Figure 1.5 Redox-active polymers applied to an electrode-active material. 
 
 
In the context of polymers containing naphthalene diimide as a redox-active group, 
polynorbornene derivative demonstrated charge-discharge with the capacity consistent with 
the theoretical one.
23
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and reported the high capacity (231 mAh g
-1
)
11
 comparable with those observed in inorganic 
electrode-active materials, such as LiCoO2,
24
 LiFePO4
25
 and LiMn2O4.
26
 To obtain high 
output voltage, they designed the redox-active unit to exhibit positive redox potential on the 
basis of density functional theory calculations. The discovery of thianthrene-substituted 
polymer and electron withdrawing group-substituted triphenylamine-based polymer put 
forward high-voltage organic-based battery. Polynorbornene bearing thianthrene and 
poly(4-cyano-triphenylamine) demonstrated reversible charge-discharge at high voltage of 
4.1
27
 and 3.9 V,
28
 respectively. 
 
(b) (Bio-)Sensor and Biofuel Cell 
The fast heterogeneous electron-transfer at the interfaces and the charge transport in the 
polymer inspired researches to apply redox-active polymers to (bio-)sensors including 
glucose sensors
16
 and DNA sensing devices
29
 as a redox mediator (Figure 1.6). 
 
 
 
 
 
 
 
 
 
Figure 1.6 Redox-active polymers applied for a (bio-)sensing system. 
 
 
In the DNA sensing, osmium complex substituted-polymers were employed to connect the 
enzyme containing reaction centers to the electrode.
30
 The polymer-metal complexes are often 
designed taking into account the interaction between analyte and other components, such as 
proteins and nucleic acids in a sensing system.
29
 The increase of patients suffering with 
diabetes makes the glucose sensing in blood important for health. The numerous redox-active 
polymers containing ferrocene have been investigated as a redox mediator working with 
glucose oxidase (GOx).
31
 (Equation 1.1-1.3) 
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Glucose + GOx (FAD)     GOx (FADH2) + Gluconolactone                     (1.1) 
GOx (FADH2) + 2Medox.     GOx (FAD) + 2H
+
 + 2Medred.                      (1.2) 
2Medred.     2Medox. + 2e
-
 (at electrode surface)                               (1.3) 
FAD: Flavin adenine dinucleotide. Med: Mediator. 
 
The SWNT composites of poly[(vinylpyridine)Os(bipyridyl)2Cl
2+3+
] were also applied to 
the amperometric glucose sensor.
32
 The main chain structures are selected in light of the film 
formability, biocompatibility and swellability with water. To achieve large mediation current 
with the oxidation of -nicotineamide adenine dinucleotide (NADH), Gorski et al. 
incorporated Toluidine Blue O to chitosan and they established the electrochemical platform 
consisting of the polymer and carbon nanotubes.
33
 The platform facilitated the oxidation of 
NADH without the limitation caused by sluggish ion and solvent motion for charge 
compensation and diffusion of NADH through the polymer layer, resulting in the large 
mediation current as a function of the concentration of NADH. 
The surface of carbon black was modified by a ferrocene polymer for the biofuel cell 
where the discharging process involves glucose oxidation mediated by the ferrocene polymer 
(Figure 1.7).
34
 Glucose was oxidized with high current density of 3 mA cm
-2
. 
 
 
 
 
 
 
 
Figure 1.7 (a) Chemical structure of grafted ferrocene polymer and schematic representation 
of the electrode in the biofuel cell.
34
 
 
 
(c) Electrochromic Device 
Redox-active polymers which produce the color change upon the application of the 
electrochemical potential (Figure 1.8) have been studied for electrochromic displays, which 
were characterized by the relatively low driving voltage.
35
 
The electrochromic properties of redox-active polymers have been explored focusing on 
electrochromic contrast, coloration efficiency, switching speed and stability.
36 
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Figure 1.8 Representative redox-active polymers exhibiting electrochromism. 
 
 
1.3 Organic Radical Polymers for Charge-Storage 
 
Recently, redox-active polymers containing organic robust radical per repeating unit, 
which are so-called radical polymers, have been investigated. Their excellent electrochemical 
properties made major breakthrough especially in the field of the rechargeable battery. The 
radical polymers are characterized by the fast self-electron exchange reaction between nearby 
radical sites, which allowed the organic-based battery to perform rapid charge-discharge. As 
the redox reactions in wet-condition involve the charge compensation process and it affects 
the energy density in an overall cell, radical polymers are divided into several types on the 
basis of the difference of the charge compensation process in this section. 
 
1.3.1 Organic Robust Radicals 
 
The UV irradiation takes place the homolytic cleavage of Cl-Cl bond and produces 
chlorine radical. Typical radical species such as chlorine radical are so unstable that the 
control of their reactivity has often been a considerable challenge for precise synthesis, 
chemical storage and biological systems.
37
 For example, lewis acids have been widely 
employed to control reactivity and diastereoselectivity in free radical reactions.
38
 The control 
of reactivity of the polymeric radical species has been considerable challenge in material 
science because it often causes side reactions such as chain transfer and termination during 
the chain propagation process in the free radical polymerization. Catalytic reversible redox 
reactions which activate and deactivate the propagating radical is incorporated into the 
polymerization process to synthesize polymers with the controlled molecular weight and the 
narrow polydispersity index (PDI) in atom transfer radical polymerization.
39
 In contrast to 
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these reactive radical species, some stable organic radicals, such as triphenylmethyl radical, 
phenalenyl radical, cyclopentadienyl radical, nitroxide radical, hydrazyl radical and thiazyl 
radical were also explored (Figure 1.9).
40 
 
 
 
 
 
 
 
 
 
 
Figure 1.9 Representative organic stable radicals. 
 
 
Some of these radicals were synthesized with conventional purification processes and their 
X-ray crystal structures were reported with the solid state association modes.
41
 These stable 
radical species exhibit unique magnetic,
42
 electronic
43
 and optical properties
44
 derived from 
the unpaired electrons. 
 
1.3.2 Radical Polymers and Their Redox Behaviors 
 
Some approaches have been investigated to synthesize polymers bearing organic radicals. 
Polymer reactions to produce radical species with precursor polymers were generally adopted 
because the unpaired electron in a monomer inhibits the conventional radical polymerizations 
through the radical-radical coupling.
21
 Meanwhile, nitroxide-mediated polymerization is one 
of the easy methods to obtain the controlled polymer with narrow PDI and functional end 
group, in which nitroxide derivatives are employed to form dormant species suppressing 
terminations.
45
 Direct ionic and metathesis polymerizations of radical monomers have been 
also studied as an effective approach suppressing side reactions caused by radical species 
(Figure 1.10) and architectural radical polymers, such as block copolymers
46
 and bottlebrush 
polymers
47
 were synthesized according to these methods. Radical polymer networks were 
also prepared via Michael polyaddition using 2,2,6,6- tetramethylpiperidinyl-N-oxyl-4-yl 
acetoacetate and tri or tetraacrylate derivatives.
48 
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Figure 1.10 Schematic representations of anionic and cationic polymerizations of monomers 
bearing radicals. 
 
 
Some polyradicals displayed magnetic behaviors
51
 (Figure 1.11) originated from the 
integrated odd-electrons and the magnetic order and magnetic moment were examined at low 
temperature.
52
 
 
 
 
 
 
 
 
 
Figure 1.11 Radical polymers studied as organic magnetic materials. 
 
 
Organic robust radicals which exhibit the reversible redox behaviors attracted great 
attention because of their fast reaction rates and excellent stabilities in both oxidized and 
reduced states.
53,54
 The redox-active radicals are divided into several types according to their 
redox behaviors.
55
 P-type radical shows the reversible oxidation to produce cation from 
neutral state. Thus, the charge compensation by anion is involved in the redox reaction 
process of radical polymers containing p-type radicals as redox centers in an electrolyte 
(Figure 1.12). 
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Figure 1.12 P-type radical polymers and redox reaction involving charge compensation by 
anion. 
 
 
On the other hand, the charge compensation by cation is involved in the redox reaction 
process of radical polymers containing n-type radicals in an electrolyte as a result of the 
reversible reduction to produce anion from neutral state (Figure 1.13a).
55
 Some radicals, such 
as hydrazyl radical and nitronyl nitroxide radical demonstrate both p-type and n-type redox 
behaviors. Radical polymers bearing these kinds of radicals have ambipolar redox properties 
(Figure 1.13b).
56–58 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.13 (a) N-type and (b) ambipolar radical polymers and redox reactions involving 
charge compensations. 
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1.3.3 Organic Radical Batteries 
 
One of the remarkable characteristics of organic radicals is the fast redox property due to 
the small conformation change between oxidized and reduced species.
53
 The fast redox 
reactions of 2,2,6,6-tetramethylpiperidinyl-N-oxy (TEMPO) were evidenced by large 
heterogeneous electron transfer rate constant k0 (approximately 10
-1
 cm s
-1
)
59
 obtained from 
the Nicholson method and electron self-exchange rate constant kex (approximately 10
8
 M
-1
 
s
-1
)
60
 estimated by ESR-linebroadening measurements. The great advantage expanded in the 
application of TEMPO not only to redox mediators in dye-sensitized solar cells,
61
 and Li-O2 
batteries
62
 but also to chemical oxidizing agents for primary alcohols
63
 and aldehydes.
64
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.14 Configurations of (a) the organic radical battery composed of 
TEMPO-substituted polymer and Li metal, and (b) the all-organic radical battery composed of 
p-type and n-type radical polymers as cathode- and anode-active materials, respectively. 
 
 
Recently, TEMPO-substituted polymers have been investigated as an electrode-active 
material and various types of the so-called organic radical batteries have been reported. The 
organic radical battery composed of poly(4-methacryloyloxy-TEMPO) (PTMA) cathode and 
Li anode was fabricated, and the charge-discharge behaviors derived from the reversible 
redox reaction between nitroxide radical and N-oxoammonium cation in PTMA  (Figure 
1.14a) was reported.
21
 The PTMA-based battery exhibited the rapid charge-discharge 
capability at a current density of 50 C rate and long life of over 1000 cycles
22
 of 
charge-discharge without significant capacity decay taking advantage of the robustness of 
TEMPO enough to isolate. It should be emphasized that the radical battery demonstrated the 
(a)
(b)
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plateau voltage at about 3.6 V without fluctuation as well as the charge-discharge capacity in 
good agreement with the formula weight-based theoretical capacity. 
The fabrication methods for TEMPO-substituted polymer-based electrodes were 
considered to improve battery performance. Fibrous membranes
65
 and carbon composites
66
 
were prepared and their charge-discharge performances were examined associating with the 
surface area of TEMPO-substituted polymers and the charge transport in the composites. Safe 
and environmentally-benign radical battery composed of an aqueous electrolyte were also 
explored by employing hydrophilic radical polymers, such as 
poly(2,2,6,6-tetramethylpiperidinyloxy-4-yl vinylether)
67
 and 
poly(2,2,6,6-tetramethylpiperidinyloxy-4-yl acrylamide).
68
 The swelling with an electrolyte is 
the crucial process to obtain the charge-discharge capacity corresponding to the theoretical 
capacity even at the high charge-discharge rate. Poly(4-glycidyloxy TEMPO) was designed in 
terms of the swellability of TEMPO-substituted polymer with a carbonate-based 
electrolytes,
69
 and the ring-opening anionic polymerization procedure was considered to 
obtain the polymer with narrow PDI,
66
 high molecular weight and high yield.
70
 
Employing both p-type and n-type radical polymers as cathode- and anode-active materials, 
respectively, embodied all-organic radical batteries (Figure 1.14b) whose output voltage was 
consistent with the redox potential gap between composed polymers.
55
 Moreover, to simplify 
the battery configuration, ambipolar radical polymers bearing nitronylnitroxide radical were 
synthesized, and their charge-discharge capabilities through three stable redox states was 
investigated for a poleless organic battery.
56
 These all-organic configurations would 
incorporate flexible and bendable features into rechargeable batteries, which offer 
cost-effective fabrication techniques and expand in application of the charge-storage 
devices.
71,72
 However, the change in the salt concentration during the charge-discharge 
process in these organic-based batteries requires excess amount of electrolyte as shown in 
Figure 1.14, resulting in the limited capacity in an overall cell. 
The combination of n-type radical polymer cathode and Li anode was proposed to 
accomplish “rocking-chair-type” Li+ migration (Figure 1.15a) which promises 
charge-discharge with the constant salt concentration.
55
 The rocking-chair-type Li
+
 migration 
enables charge-discharge with the minimized electrolyte amount. The tuning of the redox 
potential gap between n-type radical polymers gave rise to the rocking-chair-type redox 
behaviors in an all-organic radical battery.
56
 
 
 
 
Introduction 
15 
 
  
 
 
 
 
 
 
 
 
 
 
 
Figure 1.15 Configurations of the “rocking-chair-type” organic radical batteries composed of 
(a) n-type radical polymer and (b) p-type radical polymer containing sulfonate anion as 
cathode-active materials. 
 
 
The relatively negative redox potentials of n-type redox-active polymers limit the output 
voltage of the rocking-chair-type batteries where they are employed as a cathode active 
material. The incorporation of the charge neutralizing anion into the p-type radical polymers 
successfully combined the p-type redox reaction at positive potential with the 
rocking-chair-type Li
+
 migration, establishing the high-voltage organic rocking-chair-type 
battery (Figure 1.15b).
73
 
 
1.4 Redox Conduction 
 
The fast charge transport properties of radical polymers led to the high-power 
characteristics in organic-based, which are derived from the rapid redox reactions (Figure 
1.16).
74
 The charge transport based on the redox reactions between active sites, redox 
conduction,
75
 has a significant role not only in electrochemical devices but also in biological 
systems. Therefore, the mechanism of the common phenomenon has widely studied by many 
researchers.
76
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Figure 1.16 Charge-discharge processes of an all-organic radical battery and redox reactions 
between radical sites, showing the electron flow.
77
 
 
 
1.4.1 Charge Transport in Redox-Active Polymers 
 
The model system for charge transport in a swollen redox-active polymer layer was 
proposed on the basis of several assumptions:
75
 (i) The electrolyte ion can diffuse through the 
polymer/electrolyte interface as well as the swollen polymer layer. (ii) The dynamics of the 
charge transport is independent of redox state of the polymer and the ion motion. (iii) The 
effect of the electric field is limited to the double layer region whose width is negligibly 
smaller than the polymer layer thickness. In this model, the charge transport is driven by the 
electron hopping and the physical diffusion (Figure 1.17). 
 
 
 
 
 
 
Figure 1.17 Charge transport in a swollen redox polymer layer, showing the physical 
diffusion and the electron hopping between oxidized and reduced species. 
 
 
Dahms described the current produced by the electron hopping on the basis of the electron 
exchange reaction expressed as follows:
78
 
 
𝑀𝑛+𝑥1 + 𝑀
(𝑛−1)+𝑥2             𝑀
(𝑛−1)+𝑥1 + 𝑀
𝑛+𝑥2                                 (1.4) 
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where M and k is reactant and reaction rate constant, respectively. x1 and x2 represent the 
positions of reactants. Since the current produced by the physical diffusion is simply 
expressed according to the Fick’s law in terms of the concentration gradient, the total current 
it produced by these two mechanisms is described as follows:
75
 
 
𝑖𝑡  = 𝐹(𝐷𝑒 + 𝐷𝑝)
𝑑𝐶
𝑑𝑥
                                                       (1.5) 
𝐷𝑒  = 𝑘
2𝐶                                                              (1.6) 
 
where F, De, Dp, C, , are the Faraday constant, diffusion coefficients corresponding to the 
electron hopping and physical diffusion, the concentration of the reactant and the distance 
where redox reaction takes place. Note that these equations describe a one-dimensional 
charge transport.
75
 Ruff et al. proposed the relationship between De and an electron 
self-exchange rate constant kex in three-dimensional charge transport based on the random 
walk model with cubic lattice as following equation:
79
 
 
𝐷𝑒  =  
1
6
𝑘𝑒𝑥
2𝐶                                                          (1.7) 
 
The observed diffusion coefficient Dapp which is estimated by chronoamperometric and ac 
impedance measurements includes contributions of both the electron hopping and the physical 
diffusion. Redox-active molecule whose electron exchange rate is very low was loaded into 
ion exchange polymers and the contribution of the physical diffusion was discussed.
80
 On the 
other hand, to focus on the contribution of the electron hopping, polymers containing 
covalently bound redox species were synthesized. These empirical findings have provoked a 
lot of discussions of the deviation from the model system.
81
 
A number of theoretical approaches were also adopted for the investigation of the redox 
conduction.
82,76
 Recently, the development of techniques to construct a nanostructure enabled 
to reveal the redox conduction in the nanometer scale. White et al. examined voltammetric 
responses of the ferrocene derivative solution in a nanogap electrode and reported they were 
in good agreement with those obtained by finite-element simulations based on the 
Nenst-Plank equation.
83
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1.4.2 Redox Mediation in Polymer-Sandwiched Devices 
 
The redox conduction actually involves the ion migration process for charge compensation. 
The influence of the ion migration on the redox conduction has been studied by comparing 
electrochemical parameters in transient-state and steady-state. Monitoring the current 
variations at the constant applied potential using the rotating ring-disk electrode gave insight 
into the nature of the ion motion during the redox reaction process.
84
 The redox conduction in 
steady state has been investigated by the use of the interdigitated array
85
 and the sandwich 
electrode (Figure 1.18).
86
  
 
 
 
 
 
 
 
 
Figure 1.18 Schematic representations of the rotating ring-disk electrode, the interdigitated 
array and the sandwich electrode. 
 
 
The Os or Fe complex polymer-sandwiched device was fabricated and the current-voltage 
response was examined in view of the concentration gradient in the redox polymer layer  
(Figure 1.19).
87
 
 
 
 
 
 
Figure 1.19 Schematic representation of the sandwich device composed of a polymer 
containing Os complex as a redox-active group. 
 
 
The four-electrode configuration was employed to control potentials of both electrodes 
individually in the polymer-sandwiched devices. Murray et al. examined the redox 
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conduction associating with the electrode potential and redox states.
88
 They reported that the 
apparent diffusion coefficients obtained in the steady state were almost same with those 
obtained in the transition state in the Os complex polymer. It was also reported that the redox 
conduction in a dry state is driven by the electrical gradient.
89
 (Figure 1.20) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.20 Typical current-voltage responses of a polymer-sandwiched device in (a) an 
electrolyte and (b) a dry bathing gas using a 1:1 mixed-valent polymer films.
90
 (c) 
Redox-active polymers employed for the investigations of the redox conduction. 
 
 
1.4.3 Relationship between the Chemical Structure and the Redox Conduction 
 
The redox conduction is strongly affected by not only the bathing environment but also the 
molecular structure. The relationship between rigidity of a polymer and the electron hopping 
rate was reported and the rigid polymer in the gas bathing environment showed slow electron 
hopping.
89
 In other case, the rotating ring-disk electrode was modified by polyviologens 
derived from N,N’-dibenzyl-4,4’-bipyridinium and N,N’-dialkyl-4,4’-bipyridinium.91 And the 
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redox mediation effects in steady state in the polyviologen layers were compared in the 
solution of redox-active metal complex, Ru(NH3)6
3+/2+
. The polymer derived from 
N,N’-dialkyl-4,4’-bipyridinium demonstrated the fast charge transport in binary system of 
water and acetonitrile. 
To facilitate the redox mediation process, molecular structures of redox-active polymers 
were carefully designed toward an enhanced electrochemical device. Heller et al. developed 
Os complex polymer including 13-atom-long and flexible tethers (Figure 1.21).
92
 The long 
tether facilitated the physical displacement of the redox center and consequently contributed 
to increase the apparent diffusion coefficient to about 6 × 10
-6
 cm
2
 s
-1
. 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.21 Redox-active polymer (a) possessing long tether for the fast charge transport and 
(b) that for comparison.
 92
 
 
 
Bu et al. introduced carboxy and hydroxy groups to polyvinylferrocene. The high diffusion 
coefficient of 6 × 10
-7
 cm
2
 s
-1
 for the polyvinylferrocene was achieved as a result of the 
polymer chain fluidity increased by the hydrophilic groups.
93,94
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1.5 Electrochemical Rectification 
 
Since the electrochemical current rectification is significant phenomenon providing 
functions in a lot of devices and biological systems, it has attracted considerable attention in 
the fields of chemistry, physics and biology. Electrochemical rectification has been achieved 
with various approaches and the mechanism of the rectification effect has been discussed in 
terms of the ion motions, the coulombic interactions and the redox potential gaps in the 
electrochemical systems. 
 
1.5.1 Ion-Current Diode 
 
Oppositely charged polyelectrolytes were employed to give rise to the ionic rectification 
effect. The ionic rectification was exhibited taking advantage of the slow dissociation of 
water.
95
 Velev et al. fabricated a device composed of the aqueous agarose gel layers.
96
 The 
soft diode showed ionic current with the motion of counter ion across the heterojuction of 
polymeric acid and polymeric base at a forward voltage. By contrast, a depletion region 
suppressing current was formed at a backward voltage. (Figure 1.22) 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
Figure 1.22 Schematic representation of the ionic current diode using poly(styrene sulfonic 
acid) and poly(diallyl dimethylammonium chloride) showing ion motions under (a) a forward 
and (b) a backward voltages.
96
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The rectification properties in the ionic current diode were improved by desalination. They 
also fabricated an ionic diode containing the agarose gel/SiO2 interface. The remarkable 
permselectivity of anion in the SiO2 layer gave rise to the rectification effect with high 
efficiency.
97
 Siwy et al. have recently developed nanofluidic diodes utilizing electrostatic 
interactions.
98
 A nanopore whose surface was carboxylated or aminated (Figure 1.23) brought 
about the rectification effect. This methodology for control of the ion current has been widely 
applied to transistors,
99
 biosensors,
100
 ohmic resistors
101
 and circuits which exhibit current 
loops.
102 
 
 
 
 
 
Figure 1.23 Schematic representations of the nanofluidic diode and surface charges induced 
by the modification with amino and carboxyl groups.
98
 
 
 
1.5.2 Rectified Redox Conduction 
 
The thermodynamically favored cross reaction between redox-active compounds also 
brought about the rectification effect. Although the cyclic voltammogram obtained from a 
solution containing two redox species typically displays the summation of each cyclic 
viltammogram, Murray et al. reported the redox waves derived from IrCl6
3-
 and Fe(CN)6
3-
 
deformed as a result of the cross reaction (Equation 1.8).
103
 
 
IrCl6
2-
 + Fe(CN)6
4-
       IrCl6
3-
 + Fe(CN)6
3-
                                  (1.8) 
 
These anionic redox species were trapped by polycation film. The suppression of physical 
diffusion of the redox centers rendered the effect of the cross reaction obvious. They revealed 
the accelerated oxidation of Fe(CN)6
4-
 at the potential which oxidize IrCl6
3-
 and the 
accelerated reduction of IrCl6
2-
 at the potential which reduce Fe(CN)6
3-
 in the redox 
species-loaded polycation film. 
The bilayer electrodes composed of the dissimilar metal complex polymer layers exhibited 
the rectification effect and the charge trapping based on the redox potential gaps (Figure 
1.24).
104,105
 Guo et al. investigated the electron transfer at the interface in the bilayer electrode 
＋ ＋＋＋＋
＋＋＋＋＋
―
― ―
― ―
―
―
― ―
―
O OH O OH O OH
NH2NH2 NH2
Introduction 
23 
 
consisting of p-n bipolar polymers bearing aromatic diimides. They reported the bilayer 
system provided an electronic barrier to trap the electrons as is the case with the bilayer 
composed of metal complex polymers.
106
 
The rate of the charge transport at the polymer/polymer interface and rate-limiting step in 
the charge transport through the two, spatially-segregated redox polymer films were 
discussed.
107
 The result of electrochemical measurements obtained for the bilayer electrodes 
consisting of various redox-active polymers, such as Ru, Os and Fe complex polymers 
indicated that the rate-limiting step was not the cross reaction process but the charge diffusion 
process in the polymer layer. Murray et al. focused on the rate of the cross reaction and they 
compared it with the theoretical one obtained according to the Marcus theory.
108
 
 
 
 
 
 
 
 
Figure 1.24 Electron transfer and trapping diagram of the bilayer electrode composed of 
redox-active polymers. 
 
 
The device fabricated by sandwiching the redox-active polymer bilayer with electrodes 
(Figure 1.25a) was employed to examine the rate-limiting step
107
 in a bilayer films and to 
investigate the relationship between the rectified current and the redox status in the 
polymers.
88
 
 
 
 
 
 
 
 
 
Figure 1.25 The bilayer devices fabricated by (a) overcoating the upper electrode on a bilayer 
electrode and (b) depositions on arrays. 
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Wrighton et al. demonstrated that the redox-active polymers-functionalized 
microelectrodes (Figure 1.25b) produced the rectified current. The cross reaction at the 
polyviologen/poly(vinylferrocene)
109
 and polyviologen/ruthenium oxide
110
 interfaces gave 
rise to the rectification effect with an open-face sandwich analogue.
109
 
The redox polymers in the sandwich devices and the modified electrodes were replaced 
with polyelectrolytes trapping redox species
111
 and surface-assembled monolayers (SAM) 
covalently coupled to redox species
112
 by Yegnaraman et al. The electrochemical rectification 
effect with SAM has been applied to aptame-based biosensors
113
 and molecular logic gates.
114
 
The redox mediation effect was employed for the signal amplification in the biosensors. The 
addition of the redox probes significantly enhanced the sensitivity of ATP.
113
 The tuning of the 
redox potential and the blocking of the redox probes to prevent direct electron transfer 
between the redox probes and electrode established the XOR logic gates.
114
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2.1 Introduction 
 
The growing desire for efficient energy storage and conversion has expanded interest in 
electrochemical devices, such as dye-sensitized solar cells,
1,2
 (bio)sensors,
3,4
 rechargeable 
batteries,
5,6
 supercapacitors,
7,8
 light-emitting electrochemical cells,
9,10
 and electrochromic 
displays.
11-13
 The energy storage and conversion in these devices are implemented with the 
degree of charge accumulation, separation and recombination, whose efficiencies determine 
the device performance. These key factors for the device performance are dominated by 
kinetics and direction of charge transfer at electrochemical heterojunctions,
14-16
 which include 
the interfaces between an electrode, a redox-active layer and an electrolyte. 
The potential gap at a heterojunction between the electroactive layers brings about 
rectification effect due to the thermodynamically favored cross reaction producing the change 
in Gibbs free energy. Diode-like behaviours,
17
 switching characteristics
18-20
 and amplification 
phenomena
21,22
 at various types of heterojunctions have been investigated as functional 
behaviours to establish efficient electrochemical systems. However, the rectification property 
derived from the chemical reactions has often been limited by the redox-mediated charge 
transport processes through the redox-active layer, which include electron-transfer reactions at 
the interface and those within the bulk layer.
23,24
 
We have recently developed novel redox-active polymers possessing a rapid charge 
transport property in an electrolyte, which has been ascribed to fast and reversible redox 
reactions between densely populated redox sites such as 2,2,6,6-tetramethylpiperidin-1-oxyl 
(TEMPO),
25,26
 galvinoxyl,
27
 nitronyl nitroxide,
28
 viologen
29
 and anthraquinone.
30
 
TEMPO-substituted polymers particularly exhibited the remarkable charge transport property, 
based on the fast kinetics of a monomeric TEMPO/TEMPO
+
 couple with a high 
heterogeneous rate constant of k0 = 10
-1
 cm s
-1
 and an electron self-exchange rate constant of 
kex = 10
8
 M
-1
 s
-1
.
31
 Totally organic-based rechargeable battery employing 
poly(2,2,6,6-tetramethylpiperidin-1-oxyl-4-yl acrylamide) and cross-linked polyviologen 
hydrogel, poly(tripyridiniomesitylene) (PTPM),
29
 as cathode- and anode-active materials, 
respectively, demonstrated exceptionally high-rate charge-discharge characteristics which 
allowed the battery to be fully charged and discharged in 30 s (120 C) maintaining a long 
cycle stability (over 2000 cycles) with large voltages (1.1 and 1.5 V) in an aqueous 
electrolyte.
29
 To reveal the potential of the TEMPO-substituted polymers as charge transport 
media in electrochemical devices, we previously investigated a redox conduction effect of the 
polymer based on the charge transport driven by electron self-exchange reaction between the 
populated redox sites,
32
 using a TEMPO-bearing polynorbornene layer and fabricating a 
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polymer-sandwiched single-layer device.
33
 The device with even a large thickness of ca. 1 μm 
demonstrated a diffusion-limited current of more than 2 mA cm
-2
, which was driven by the 
redox gradient depending upon the polymer layer thickness as a result of the charge 
propagation throughout the polymer layer. The results indicated that the exchange reaction 
was established throughout the layer, without defect from the one electrode/polymer interface 
to the other. The ideal redox mediation behaviour indicated that the redox conduction effect 
with even larger current densities should be accomplished with steeper redox gradients 
through the thinned layers. 
 
 
 
 
 
 
 
 
 
Figure 2.1 Schematic representation of the bilayer device of the PTAm and the PTPM layers 
and the charge transport through the bilayer. 
 
 
We anticipated that a highly rectified redox conduction with a large current should also be 
accomplished by a TEMPO-substituted polyacrylamide/PTPM thin bilayer heterojunction 
based on the following characteristics: (i) charge transport with steep redox gradient 
throughout the bilayer and fast electron-transfer reaction at redox sites, (ii) a substantial 
potential gap giving rise to the thermodynamically favoured cross reaction, and (iii) 
electrochemical robustness under the applied voltages, which should rule out the leakage 
current caused by degradation of the component polymers. Moreover, facilitated redox 
mediation in acrylate anion-incorporated ferrocene polymer by increasing polymer-chain 
fluidity in an aqueous solution
34,35
 inspired us to employ an acrylate anion-containing 
TEMPO-substituted polyacrylamide, 4-amino-2,2,6,6-tetramethylpiperidin-1-oxyl 
functionalized polyacrylic acid (PTAm)/PTPM heterojunction (Figure 2.1). In this chapter, we 
demonstrate that the facile redox conduction in both PTAm and PTPM is successfully 
combined with the cross reaction at the polymer/polymer interface, resulting in the highly 
rectified large current. Electrochemical large current rectification in aqueous media provided 
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fruitful perspectives, not only on the achievement of desired performance in electrochemical 
devices, but also on the investigation of biological systems that consist of charge transport 
with various magnitudes of potential gaps, such as electron-transport chains in redox 
enzymes. 
 
2.2 Electrochemical Properties of 4-Amino-TEMPO Functionalized Polyacrylic Acid 
 
PTAm was synthesized by DMT-MM mediated condensation of 4-amino TEMPO with 
polyacrylic acid. PTAm (Mn = 2.7 × 10
5
, Mw = 1.2 × 10
6
, polydispersity index (PDI) = 4.2) 
possessed high TEMPO content (grafting degree = 83%), which was determined by SQUID. 
We incorporated a small amount of acrylic acid into TEMPO-substituted polyacrylamide 
without impeding electron self-exchange reaction between nearby radical sites (vide infra). 
The estimated polymer thicknesses for all modified electrodes and devices are listed in Table 
2.1. Cyclic voltammograms obtained from the spin-coated layer of PTAm displayed 
reversible redox behaviour at E1/2 = +0.69 V vs. Ag/AgCl due to the TEMPO/TEMPO
+
 couple 
at the pendant group (Figure. 2.2). Narrow peak-to-peak separation (Ep = 27 mV at 1 mV 
s
-1
) and proportional relationship between peak current and potential scan rate in the range of 
1-10 mV s
-1
 (Figure. 2.3) suggested fast charge propagation in the polymer layer, which were 
characteristic of the Nernstian adsorbate-like layer
36
 demonstrating the almost 
surface-confined electrochemical process. The surface coverages estimated by integration of 
currents coulometrically through cathodic and anodic scans of 1 mV s
-1
 were coincided with 
each other  (6.2 × 10
-8
 mol cm
-2
), which proved electrochemical reversibility and stability of 
the TEMPO moiety. The surface coverages estimated from the cyclic voltammogram were 
consistent with that (5.2 × 10
-8
 mol cm
-2
) calculated with the film thickness of 130 nm, the 
weight per radical site of 240 g mol
-1
 and the polymer density of ca. 1 g cm
-3
. The density was 
assumed to be 1 g cm
-3
 based on the amorphous nature of both PTAm and PTPM gels without 
halogen or heavy atoms
37
 and the swollen state of the layers during the electrochemical 
measurements. The swelling process mitigates polymer chain interactions that could increase 
the density beyond 1 g cm
-3
, and the swelling with the aqueous electrolyte renders the 
polymer density close to that of the electrolyte near 1 g cm
-3
. The result indicated that almost 
all of the radical sites throughout the layer were redox-active and hence they contributed to 
the charge transport even for those placed away from the electrode surface with a distance of 
130 nm. It may be added that the small deviation of the estimated surface coverage from the 
calculational value would have been caused by the limitations in presumption of the polymer 
density and the swollen film thickness. 
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Table 2.1 Thickness of the polymer layers. 
Figure Device or electrode Polymer Thickness/nm 
2.2 Modified electrode PTAm 130 
2.3 Modified electrode PTAm 190 
2.4a Modified electrode PTAm 110 
2.4a Single-layer device PTAm 120 
2.4a Single-layer device PCAm 130 
2.4b Modified electrode PTPM 60 
2.4b Single-layer device PTPM 110 
2.8a Modified electrode PTAm 110 
2.8a Single-layer device PTAm 110 
2.8b Modified electrode PTPM 180 
2.8b Single-layer device PTPM 110 
2.10 Single-layer device PTAm 50 
2.10 Single-layer device PTPM 180 
2.10 Bilayer device for CV PTAm 130 
2.10 Bilayer device for CV PTPM 110 
2.10 Bilayer device for CC PTAm 130 
2.10 Bilayer device for CC PTPM 160 
2.11 Bilayer device PTAm 130 
2.11 Bilayer device PTPM 160 
2.12 Bilayer device PTAm 130 
2.12 Bilayer device PTPM 110 
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Figure 2.2 Cyclic voltammograms obtained for the layer of PTAm on a GC substrate in a 0.1 
M NaCl aqueous solution at a scan rate of v = 1, 5, 10 mV s
-1
. The electrode area was 3 cm
2
. 
Insets show electrolytic in situ ESR spectra obtained for the solution of PTAm (x = 0.83, 0.2 
mmol unit L
-1
 in CH2Cl2) at room temperature. Small signals near 333 and 341 mT are from 
the Mn
2+
/MgO standard. 
 
 
A CH2Cl2 solution of PTAm exhibited a unimodal electron spin resonance (ESR) signal at 
g = 2.0065, due to the spin exchange interaction between the unpaired electrons of the 
neighbouring nitroxide radicals. Although acrylate anions were incorporated in some 
monomer units instead of TEMPO, a broad featureless ESR spectrum was observed even in a 
dilute solution, in contrast to a trimodal spectrum for TEMPO with the distinct hyperfine 
structure. The strong electron-electron coupling promised close packing of radicals to undergo 
efficient electron self-exchange reaction for fast hopping transport.
38
 The spectrum persisted 
without change for weeks at room temperature under air, as a result of intrinsic robustness of 
TEMPO. Electrolytic in-situ ESR spectra revealed that the radical disappeared upon the 
anodic oxidation and regenerated upon cathodic reduction, which corresponded to the 
one-electron redox reaction between TEMPO/TEMPO
+
 couple. Reversible two-step redox 
reaction at the densely populated viologen unit between dication (V
2+
), cation radical (V
+
) and 
neutral state (V
0
) in PTPM, and rapid charge transport property employing almost all of the 
viologen units in the electropolymerized layer were also revealed in our previous work.
29 
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Figure 2.3 Plots of anodic (red closed circle) and cathodic (blue closed circle) peak current 
densities versus the potential scan rate obtained from cyclic voltammograms of the layer of 
PTAm on a GC substrate in a 0.1 M NaCl aqueous solution. The electrode area was 3 cm
2
. 
 
 
2.3 Charge Transport in 4-Amino-TEMPO Functionalized Polyacrylic Acid 
 
The cyclic voltammogram of the single-layer device composed of PTAm displayed a 
current increase at the redox potential and the current continued to increase even at the 
sufficiently large overpotentials (Figure. 2.4a). On the other hand, a single-layer device 
composed of aminocyclohexane-functionalized polyacrylic acid (PCAm), where TEMPO was 
replaced with a redox-inactive cyclohexyl group, showed no apparent current increase (Figure. 
2.4a). These responses demonstrated that the charge transport in the PTAm single-layer device 
involved the redox mediation process through the pendant TEMPO groups. An analogous 
voltammetric response obtained from the single-layer device composed of PTPM was 
suggestive of the same current flow mechanism through the populated viologen groups 
(Figure. 2.4b). The electrolyte was bubbled with nitrogen for 20 minutes to remove oxygen 
prior to the experiments and then the electrochemical measurements were carried out under 
nitrogen since V
+/0
 redox couple was oxygen sensitive. These treatments prevented the PTPM 
layer from reacting with dissolved oxygen. 
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Figure. 2.4 (a) Cyclic voltammograms obtained for the single-layer devices (PTAm (red solid 
curve) and PCAm (blue solid curve)) and the PTAm modified GC electrode (black solid 
curve) in a 0.1 M NaCl aqueous solution. (b) Cyclic voltammograms obtained for the PTPM 
single-layer device (red solid curve) and PTPM modified FTO electrode (black solid curve) in 
a 0.1 M NaCl aqueous solution. Scan rate for the single-layer devices of PTAm and PTPM 
was 10 mV s
-1
. Scan rate for the single-layer device of PCAm and the modified electrodes 
was 50 mV s
-1
. The electrode area for the single-layer devices and the PTAm modified 
electrode was 1 cm
2
. The electrode area for the PTPM modified electrode was 3 cm
2
. 
 
 
The current derived from the redox conduction, based on the charge transport driven by 
electron self-exchange reaction between the redox sites, obeys the Fick’s law of diffusion in 
terms of the concentration gradient of the redox species produced by the electrode reaction. 
Assuming that electrode reactions in a single-layer device are so fast that they do not limit the 
overall current flow, the charge transport is dominated by the diffusion based on the 
steady-state redox gradient which is maximized through the polymer layer. The limiting 
current ILIM is expressed by the following equation:
39
 
 
𝐼LIM =
𝜔0𝑛𝐹𝐴𝐷e𝐶T
𝑑
                                                                                                                                                   (2.1) 
 
where n, F, A, CT and d are the number of electrons, the Faraday constant, the electrode area, 
the concentration of the redox site and the polymer thickness, respectively. 0 is a correction 
-5
-4
-3
-2
-1
0
1
-1.4 -1.2 -1 -0.8 -0.6 -0.4 -0.2 0 0.2
C
u
rr
e
n
t 
(m
A
)
Potential (V vs. Ag/AgCl)
(b)
-2
0
2
4
6
8
-0.2 0 0.2 0.4 0.6 0.8 1 1.2 1.4
C
u
rr
e
n
t 
(m
A
)
Potential (V vs. Ag/AgCl)
(a)
Electrochemical Current Rectification with Cross Reaction 
at a TEMPO/Viologen-Substituted Polymer Thin-Layer Heterojunction 
 39 
factor that takes into account electrostatic coupling between electron and counterion motion. 
0 calculated according to the theory in the previous literature40 was 1.50 for the redox 
reaction of PTAm. The two-step redox reaction in PTPM presented different values of 0 = 
1.11 and 1.50 for the first and second redox reaction (V
2+/+
 and V
+/0
), respectively. De is the 
diffusion coefficient that reflects the counterion motion during the redox reaction. De for 
PTAm (2.2 × 10
-10
 cm
2
 s
-1
) determined from the Cottrell curve (Figure. 2.5) was higher than 
that obtained for the corresponding homopolymer (TEMPO-substituted polyacrylamide) (1.1 
× 10
-10
 cm
2
 s
-1
). De was calculated using tangent to the curve as the slope in Figure. 2.5 to 
minimize the effect of uncompensated solution resistance at short times and finite diffusion 
process at long times.
41
 The larger De of PTAm can be ascribed to the higher polymer-chain 
fluidity in the polymer, leading to a dynamic displacement of the redox sites. De for PTPM 
reported previously
28
 was employed for the calculation of ILIM. The average values of 
diffusion coefficient were employed for the calculation. They were obtained from five 
measurements with different PTAm modified electrodes and the previous literature
29
 for the 
PTAm and the PTPM layer, respectively. Film thickness (Table 2.1) is represented as an 
average value from three measurements at different points in a modified electrode. 
 
CT was calculated using equation (2.2): 
 
𝐶T =  
𝜌
𝑀T
                                                                                                                                               (2.2) 
 
where  and MT are the polymer density and the molecular weight per redox site. ILIM for 
single-layer devices were calculated as follows: 
 
The PTAm layer 
𝐼LIM A =  
1.50 × 1 × 96500 s A mol−1 × 1 cm2 × 2.2 × 10−10 cm2 s−1                             
                                                   × 1 g cm−3 ×
83
225.3 × 83 + 72.1 × 17  mol g
−1
120 × 10−7 cm
 
            = 11.1 × 10−3 A 
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The PTPM layer (first redox reaction) 
𝐼LIM A
=  
1.11 × 1 × 96500 s A mol−1 × 1 cm2 × 1.9 × 10−10 cm2 s−1 × 1 g cm−3 ×
1.5
460.8  mol g
−1
110 × 10−7 cm
 
= 6.0 × 10−3 A 
 
The PTPM layer (second redox reaction) 
𝐼LIM A
=  
1.50 × 1 × 96500 s A mol−1 × 1 cm2 × 8.1 × 10−10 cm2 s−1 × 1 g cm−3 ×
1.5
460.8  mol g
−1
110 × 10−7 cm
 
= 34.7 × 10−3 A 
 
Comparatively larger calculated diffusion-limited currents than the observed currents and no 
plateau region in the cyclic voltammograms suggested that the single-layer devices could 
potentially demonstrate an even larger current density by the optimization of the 
electrode/polymer interfaces. Note that the redox mediation with the large currents of several 
milliamperes were given not only by the fast charge hopping throughout the layer but also by 
the small thicknesses affording the steep redox gradient. It should also be remarked that no 
short circuit was caused despite the small thickness as well as the large electrode area, which 
could be attributed to homogeneous and smooth PTAm and PTPM layers (surface roughness 
of < 8 nm) without any significant defects
29
 (Figure. 2.6 and 2.7). 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.5 Cottrell curve for chronoamperometry of the PTAm-A modified GC electrode in a 
0.1 M NaCl aqueous solution. The potential was stepped from 0 to 1.1 V vs. Ag/AgCl. The 
electrode area of the modified electrode was 4 cm
2
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Figure 2.6 SEM image of the cross section of the PTAm layer on a GC substrate. Scale bar = 
100 nm. 
 
 
 
 
 
 
 
 
Figure 2.7 Contact stylus profilometer height profiles of the PTAm layer. Thickness of the 
polymer layer was 120 nm. 
 
 
Small current hysteresises between forward and reverse potential sweeps in Figure. 2.4 
reflected quick response of the devices. In the device fabrication process, the electrolyte ions 
and the solvent were incorporated in the polymer layers by repeated potential scanning prior 
to sandwiching. The pretreatment minimized the need for the swelling process of the device, 
which required slow impregnation of the electrolyte and the solvent from the edge of the 
sandwiched device, and consequently it could support the quick response with facile charge 
neutralization during the redox gradient formation. 
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Figure 2.8 (a) Passed charge ratio to the theoretical charge amount in the PTAm layer vs. time 
obtained for the single-layer device (black solid curve) and PTAm modified GC electrode (red 
solid curve) in a 0.1 M NaCl aqueous solution. The potential was stepped from 0 to 0.8 V vs. 
Ag/AgCl, respectively. (b) Passed charge ratio to the theoretical charge amount in the PTPM 
layer vs. time obtained for the single-layer device (black solid curve) and PTPM modified 
FTO electrode (red solid curve) in 0.1 M NaCl aqueous solution. The potential was stepped 
from 0 to -1.0 V vs Ag/AgCl. The electrode areas for the single-layer devices and the 
modified electrodes were 1 and 3 cm
2
, respectively. 
 
 
Chronocoulograms obtained for the PTAm single-layer device and the PTAm modified 
electrode are shown in Figure. 2.8a. The value of the passed charge on the vertical line was 
normalized by the formula weight-based theoretical charge amount in each polymer layer, 
with a view to demonstrate that the amount of the charge flow well exceeded the inherent 
storage capacity of the polymer layer as a result of the continuous redox conduction 
established for the sandwiched device. In the PTAm modified electrode as the contrastive 
reference, the passed charge grew as a function of time in the charging process and then it 
saturated upon full charge. The saturated amount of the passed charge (14.0 mC at 40 s in 
Figure. 2.8a) corresponded to the theoretical charge amount (13.3 mC). The theoretical charge 
amount was calculated using equation (2.3): 
 
Saturated amount of charge =  𝐴𝑑𝐶𝑇𝐹                                                                                       (2.3) 
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The concentration of the redox site was calculated using equation (2.2) and the saturated 
amounts of charge was calculated as follows. 
 
Saturated amount of charge C =  
3 cm2 × 110 × 10−7 cm × 1 g cm−3 × 96500 C mol−1
225.3 × 83 + 72.1 × 17
83  g mol
−1
 
                                                          = 13.3 × 10−3 C 
 
On the other hand, chronocoulometric response obtained from the PTAm single-layer device 
showed charge growth going far beyond the theoretical charge amount, resulting from the 
redox mediation process. Similar results were found in the PTPM single-layer device (Figure. 
2.8b). Currents estimated by temporal differential of passed charge in the region where charge 
grew monotonically, which mean steady-state currents at the applied potential, were 
approximately 5 and 3 mA for the PTAm and PTPM single-layer devices, respectively. These 
currents agreed with those displayed in Figure. 2.4a and 2.4b, which indicated that the redox 
gradients through the polymer layers readily achieved the steady state in response to the swept 
electrode potential during cyclic voltammetry. 
 
2.4  Electrochemical Current Rectification in the Bilayer Device Composed of 
TEMPO- and Viologen-Containing Polymers 
 
The bilayer device composed of PTAm and PTPM with 1 cm
2
 in electrode area (Figure. 
2.9) was fabricated to investigate the charge transport through the PTAm/PTPM 
heterojunction. Current-voltage response obtained for the bilayer device demonstrated the 
rectification behaviour, in contrast to the symmetric curves for the single-layer devices 
(Figure. 2.10). The symmetric curves were suggestive of switchable redox gradient as a 
function of the bias. These results denoted that the polymer/polymer interface gave rise to the 
rectification effect. The rectification ratio (RR) defined as 
 
RR =  |
𝐼(+𝑉)
𝐼(−𝑉)
|                                                                                                                                    (2.4) 
 
where I(+V) and I(-V) were the currents under positive and negative voltages, respectively, for 
the same voltage magnitude was 1.0 × 10
2
 at ±1.8 V. The successful current suppression under 
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the negative voltage was accomplished by the electrochemical robustness and the insulating 
nature of the unconjugated PTAm and PTPM. In contrast, a large current of several 
milliamperes was observed under the positive voltage as is the case with the single-layer 
devices. The densely populated redox centers in the both layers also contributed to the larger 
current under the positive bias voltage than the current under the negative bias voltage, caused 
by the dissolved oxygen whose concentration was negligibly low. The rectification ratio and 
the current obtained from the present device were lower than those obtained from 
conventional semiconductor-based diodes. However, the electrochemical rectification effect is 
characterized by following features: (i) the tuneable driving voltage by the redox potential 
difference between composed polymers, (ii) the relatively low driving voltage without large 
charge-injection barriers at all interfaces in the device, and (iii) the electrochemical response 
which is nearly independent of the kind of electrode materials. It may be added that the 
present electrochemical diode does not form the internal electric field at the polymer/polymer 
interface as a result of the charge compensation with electrolyte ions, in contrast to the 
conventional semiconductor-based diode. The optimization of the fabrication procedure of the 
device to decrease the surface roughness of the electrode which causes non-faradaic currents 
would improve the rectification properties. Although the rectification ratio was comparable to 
the electrochemical diodes in previous reports,
33,42-45
 the current obtained with the present 
device was considerably large. It may be concluded that the present device incorporated these 
two significant rectification properties at a superior level. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.9 General view of the bilayer device composed of PTAm and PTPM. 
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Figure 2.10 Two-electrode cyclic voltammograms obtained for the bilayer device composed 
of PTAm and PTPM (black solid curve) and the single-layer devices of PTAm (red dashed 
curve) and PTPM (black dashed curve)) in a 0.1 M NaCl aqueous solution at a scan rate of v 
= 50 mV s
-1
. Left inset shows passed charge ratio to the theoretical charge amount in the 
PTAm layer vs. time of the bilayer device composed of PTAm and PTPM. The voltage was 
stepped from 0 to +1.8 V (black solid curve) and from 0 to -1.8 V (red solid curve). The 
electrode area was 1 cm
2
. Right inset shows the picture of a bilayer device composed of 
PTAm and PTPM. 
 
 
The behaviour of rectification with the current beginning to increase at the voltage near 1 V, 
corresponding to the redox potential gaps between the composed polymers (1.17 and 1.55 V), 
proved that the current was derived both from the redox mediation process including the cross 
reaction at the polymer/polymer interface. Corresponding and comparatively larger ILIM 
calculated for each layer (10.2, 6.0 and 34.7 mA for the redox reaction in the PTAm layer, the 
first and second redox reactions in the PTPM layer) than the observed current and no plateau 
region in the current-voltage response again revealed the potential of the PTAm/PTPM 
thin-layer heterojunction for the larger rectified current density. ILIM for the PTAm layer in the 
bilayer device was calculated as follows: 
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The PTAm layer 
𝐼LIM A =  
1.50 × 1 × 96500 s A mol−1 × 1 cm2 × 2.2 × 10−10 cm2 s−1                             
                                                   × 1 g cm−3 ×
83
225.3 × 83 + 72.1 × 17  mol g
−1
130 × 10−7 cm
 
             = 10.2 × 10−3 A 
 
ILIM for the PTPM layer were calculated as is the case with the single-layer devices. Left inset 
of Figure. 2.10 showed chronocoulometric response obtained for the bilayer device, where the 
value of the passed charge on the vertical line was normalized as in Figure. 2.8. The formula 
weight-based theoretical charge amount in the PTAm layer (5.2 mC) was employed as a 
standard for the normalization, because it was smaller than that of PTPM (10.1 mC) and thus 
it must be the limitation of the charge flow in the bilayer device to dominate the whole redox 
mediation. The saturated amounts of charge for each device were calculated as follows: 
 
The PTAm layer 
Saturated amount of charge C =  
1 cm2 × 130 × 10−7 cm × 1 g cm−3 × 96500 C mol−1
225.3 × 83 + 72.1 × 17
83  g mol
−1
 
                                          = 5.2 × 10−3 C 
 
The PTPM layer 
Saturated amount of charge C =  
1 cm2 × 160 × 10−7 cm × 1 g cm−3 × 96500 C mol−1
460.8
3  g mol
−1
 
                                          = 10.1 × 10−3 C 
 
The passed charge grew beyond the theoretical charge amount under the positive bias voltage 
of +1.8 V, while negligible charge was passed under the negative bias of -1.8 V, which was 
consistent with the rectification behaviour. Current estimated from the chronocoulogram at 
+1.8 V was approximately 5 mA, which corresponded to that observed in Figure. 2.10. The 
result demonstrated the swift achievement of the steady state in response to the applied 
voltage, despite several charge transport processes involved in the bilayer device. 
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Figure 2.11 Current vs. time obtained for the bilayer device composed of PTAm and PTPM in 
a 0.1 M NaCl aqueous solution. The voltage was stepped from 0 to +1.8 V (black solid curve) 
and then stepped from 0 to -1.8 V (black dashed curve). After that, the voltage was stepped 
from 0 to +1.8 V again (red solid line). The electrode area was 1 cm
2
. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.12 Two-electrode cyclic voltammograms obtained for the bilayer device composed 
of PTAm and PTPM before (black solid curve) and after (red solid curve) 30 times 
applications of negative bias of -1.8 V for 10 seconds in a 0.1 M NaCl aqueous solution at a 
scan rate of v = 50 mV s
-1
. The electrode area was 1 cm
2
. 
 
 
The current obtained for the bilayer device did not change largely under the constant 
applied voltage of +1.8 V and after the application of negative bias of -1.8 V for 30 s (Figure. 
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2.11), which indicated electrochemical stability of the polymers and the interface of the 
dissimilar polymers in the device. Moreover, I-V curve obtained from the bilayer device 
showed no significant change even after the repeated hold of the voltage at -1.8 V (Figure. 
2.12). These results suggested the robustness of not only composed polymers but also all 
interfaces including the polymer/polymer heterojunction in the bilayer system for the rectified 
redox conduction. 
 
2.5  Experimental Section 
 
Materials 
1,3,5-Tris(bromomethyl)benzene was purchased from Sigma-Aldrich. Diethyl ether was 
purchased from Merck Ltd. All other reagents were purchased from Tokyo Chemical Industry 
Co., and were used without further purification. All solvents were distilled for purification 
prior to use. The fluorine doped tin oxide (FTO)/glass electrode was obtained from Panasonic 
Co., which was cleaned by plasma etching using YAMATO PR-301 plasma reactor prior to 
use. The FTO powder was purchased from Panasonic Co. The glassy carbon (GC) electrode 
was obtained from ALS Co., which was cleaned by sonication with isopropyl alcohol using 
AIWA AU-16C ultrasonic cleaner. 
 
Apparatus 
1
H and 
13
C NMR spectra were recorded on a JEOL JNM-LA 500 spectrometer with 
chemical shifts downfield from tetramethylsilane as an internal standard. Infrared spectra 
were obtained using a JASCO FT-IR 6100 spectrometer. Mass spectra were obtained using a 
JEOL JMS-SX 102A spectrometer or a Shimadzu GCMS-QP5050 spectrometer. Molecular 
weight measurements were performed by gel permeation chromatography using TOSOH 
HLC 8220 instrument with N, N-dimethylformamide as an eluent. The film thicknesses were 
estimated using a KLA Tencor P-6 contact stylus profiler. ESR spectra were obtained using a 
JEOL JES-TE200 spectrometer with a 100 kHz field modulation frequency and a 0.1 mT 
width. The magnetization and magnetic susceptibility of the PTAm were measured by means 
of Quantum Design MPMS-7 SQUID (superconducting quantum interference device). The 
magnetic susceptibility was measured from 10.0 to 300 K in a 0.5 T field. 
 
Electrochemical measurements 
Cyclic voltammetry and chronocoulometry were performed using a conventional 
potentiostat system BAS Inc., ALS electrochemical analyser 760 EW. All analyses were 
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carried out under nitrogen. A coiled platinum wire or a GC carbon plate (2.5 cm × 2.5 cm) 
was employed as a counter electrode, and a commercial Ag/AgCl immersed in 3 M NaCl 
aqueous solution was employed as a reference electrode. The formal potential of the 
K3[Fe(CN)6]/K4[Fe(CN)6] couple was +0.14 V vs. the Ag/AgCl reference electrode. Diffusion 
coefficients De for the redox gradient-driven charge transport process in polymer layers were 
determined from the slope of Cottrell plots obtained from potential-step chronoamperometry 
according to i = nFACT(De/πt)
1/2
, where n, F, A, and CT are the number of electrons, the 
faraday constant, the working electrode area and the concentration of the pendant redox site, 
respectively. 
 
Synthesis of 4-amino-2,2,6,6-tetramethylpiperidin-1-oxyl functionalized polyacrylic acid 
(PTAm) 
Poly(2,2,6,6-tetramethylpiperidin-1-oxyl-4-acrylamide-co-acrylic acid) (PTAm) was 
synthesized by a condensation reaction of 4-amino-2,2,6,6-tetramethylpiperidin-1-oxyl 
(4-amino TEMPO) with polyacrylic acid. 
4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chloride (DMT-MM) (1.33 g, 4.8 
mmol) was added to a solution of polyacrylic acid (Mw = 2.5 × 10
5
) (173 mg, 2.4 mmol) and 
4-amino TEMPO (822 mg, 4.8 mmol) in DMF (24 mL). The mixture was vigorously stirred 
for 12 h at 0 
o
C and then for 6 h at room temperature. The resulting polymer was then 
precipitated from excess amount of pure water twice to yield a red powder. Isolated yield: 490 
mg. Grafting degree of 83% was determined by SQUID using the Curie plots and the values 
for saturated magnetization. IR (KBr):  = 3298 ((N-H)), 1655 ((C=O)), 1547 cm-1 ( 
(N-H)). 
 
Synthesis of aminocyclohexane-functionalized polyacrylic acid (PCAm) 
Poly(N-cyclohexylacrylamide-co-acrylic acid) (PCAm) was synthesized by a condensation 
reaction of aminocyclohexane with polyacrylic acid. DMT-MM (1.33 g, 4.8 mmol) was added 
to a solution of polyacrylic acid (173 mg, 2.4 mmol unit) and cyclohexylamine (550 L, 4.8 
mmol) in DMF (24 mL). The reaction process was same as the scheme for the synthesis of 
PTAm. The resulting polymer was then precipitated from excess amount of diethyl ether/pure 
water (1/1 in v/v) twice to yield a white powder. Isolated yield: 550 mg. Grafting degree of 
60% was determined by 
1
H NMR. IR (KBr):  = 3303 ((N-H)), 1659 ((C=O)), 1540 cm-1 
((N-H)). 
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Synthesis of 1,3,5-tris(4-cyanopyridinio)mesitylene (TPM) bromide salts 
1,3,5-Tris(4-cyanopyridinio)mesitylene (TPM) bromide salt was synthesized according to 
a previous literature via the Menschutkin reaction between 1,3,5-tris(bromomethyl) benzene 
and 4-cyanopyridine, which was performed under an argon atmosphere.
29
 4-Cyanopyridine 
(3.54 g, 34.0 mmol), 1,3,5-tris(bromomethyl)benzene (1.00 g, 2.80 mmol) were refluxed in 
acetonitrile (13.4 ml) for 24 h under nitrogen atmosphere. The reaction mixture was cooled to 
room temperature.  The yellow-colored precipitation was recovered by filtration and washed 
with acetonitrile followed by recrystallization in methanol/ethanol to give TPM bromide salt 
(1.3 g, 71%) as a needle-like yellow solid. 
1
H NMR (500 MHz, D2O, 25 
o
C, Me4Si): δ = 9.42 
(6 H, d, J = 4 Hz, α-H of pyridinium), 8.52 (6 H, d, J = 5 Hz, β-H of pyridinium), 7.95 (3 H, s, 
ph), 6.04 ppm (6 H, s, CH2); 
13
C-NMR (500 MHz, D2O, 25 
o
C, Me4Si): δ = 146.2, 134.6, 
132.4, 131.7, 128.9, 114.2, 64.4 ppm; FAB-MS (m/z): 223.1 (M
+
, calcd), 220.1 (found). 
 
Preparation of PTAm and PTPM electrodes 
The THF solution of PTAm (10-14 g L
-1
) was spin-coated using MIKASA 1H-D3 spin 
coater at 1500-6000 rpm. PTPM electrode was prepared by reductive electropolymerization of 
the TPM according to the method described in a previous report.
29
 PTPM were 
electropolymerized for 500-600 s from 0.1 M NaCl with the 20 mM TPM aqueous solution 
through constant potential electrolysis at -0.75 V vs. Ag/AgCl using a GC substrate as a 
counter electrode. The PTPM modified electrode was washed with pure water and acetone to 
remove unpolymerized TPM. The film thickness of PTPM was proportional to the charge 
passed during the electropolymerization. The modified electrode was dried in vacuum for 12 
h prior to use. 
 
Preparation of porous FTO electrode 
Porous FTO electrode was employed in the single-layer devices to facilitate penetration of 
charge neutralizing ion into the redox polymer layers. A FTO powder (50 mg) was added to a 
solution of polyethylene glycol (Mn = 2.0 × 10
4
) (100 mg, 2.3 mmol unit) in ethanol (3 mL). 
The dispersion was vigorously stirred for 24 h at room temperature and then, the resulting 
mixture (0.2 mL) was dropped on a FTO/glass substrate. After drying, the FTO powder on a 
substrate was sintered at 450 
o
C for 30 min. 
 
Fabrication of single-layer and bilayer devices 
PTAm was spin coated or PTPM was electropolymerized on GC for the single-layer device. 
The polymers on the substrates were swollen through repeated scan of electrode potential by 
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cyclic voltammetry before the next step. Then, the polymer modified GC was fixed with a 
porous FTO by a kapton tape and a paper clip. For the bilayer device, PTPM was 
electropolymerized on a flat FTO substrate to obtain a uniform layer. The PTPM modified 
FTO and the PTAm modified GC were fixed with each other in the same way described above. 
The area of the sandwiched polymer layer on the electrodes was 1 cm
2
. 
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3.1 Introduction 
 
Charge transport processes with redox mediation by various types of redox-active layers 
dominate the performance of electrochemical devices, such as dye-sensitized solar cells 
(DSSC),
1-7
 electrochromic displays,
8-10
 (bio)sensors
11-13
 and light-emitting 
electrochemiluminescent devices.
14-18
 Current densities obtained by the redox-mediated 
processes are the most important factors to determine the performance of the electrochemical 
devices,
19-21
 and for this purpose, a number of redox-active species have been examined, such 
as ferrocene,
22-24
 triphenylamine,
25,26
 anthraquinone
27,28
 and viologen,
29,30
 taking advantage of 
their large rate constants for heterogeneous electron transfer process at electrode interfaces.
31
 
However, the mediation current has often been limited by self-exchange and cross reaction 
processes in redox-active layers, which have impeded studies on further development of novel 
electrochemical cells. 
A breakthrough recently made by our group in the area of the electrochemical devices is 
the finding that polymers containing organic robust radicals, such as 
2,2,6,6-tetramethylpiperidin-1-oxyl (TEMPO),
32-38
 2,2,5,5-tetramethyl-1-pyrrolidinoxy 
(PROXYL),
39,40
 galvinoxyl,
41,42
 and nitronyl nitroxide,
43,44
 per repeating unit undergo 
reversible charging and discharging with the amount of charge comparable to their formula 
weight-based theoretical charge-storage densities. Such properties of the so-called radical 
polymers have been focused on the development of an entirely organic battery with a large 
energy density and an excellent power-rate capability.
45-47
 
We anticipated that an ideal redox mediation process allowing large current densities 
should be accomplished with a single-layer device composed of the radical polymer, based on 
the facile charge-discharge process of the polymer layer attached to a current collector. 
Moreover, the theoretically matched charge storage density
48
 suggested that the diffusion 
front traveled throughout the polymer layer on the current collector to fully equilibrate the 
redox state up to the outer surface (i.e., the polymer/electrolyte interface) of the layer, which 
inspired us to develop a rectifying process by placing a cross reaction at the interface. In this 
report, the radical polymers are characterized as efficient redox mediators, giving rise to not 
only a diffusion-limited charge transport process but also a rectification effect, by fabricating 
polymer-sandwiched thin-layer devices. (Figure 3.1) Emphasis is placed on the finding that a 
TEMPO-substituted polynorbornene and a polypyrrole-based viologen polymer (Figure 3.1) 
both formed fully redox-active thin layers with precisely tunable thickness
1,48
 and the 
chemically reactive outer surfaces.
2
 The rectified diffusion-limited “redox conduction” based 
on the thermodynamically favored cross reaction at polymer/polymer interfaces gave insight 
TEMPO/Viologen Electrochemical Heterojunction for Diffusion-Controlled Redox Mediation: 
A Highly Rectifying Bilayer-Sandwiched Device Based on Cross-Reaction 
at the Interface between Dissimilar Redox Polymers 
 57 
into the nature of photovoltaic effect in dye-sensitized solar cells and related biological 
processes such as photosynthesis and respiratory systems. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.1 Schematic representation of single-layer and bilayer devices, illustrating the 
arrangement of the two working electrodes. The working potentials were scanned 
independently, with respect to the Ag/AgCl reference electrode in a four electrode system. 
W.E. 1 = first working electrode; W. E. 2 = second working electrode. 
 
3.2 Diffusion-Controlled Redox Mediation in Polynorbornene Bearing TEMPO 
 
Cyclic voltammograms obtained for the layers of photocrosslinked PTNB and PPPB are 
shown in Figure 3.2. The PTNB layer exhibited a reversible redox response at E1/2 = +0.81 V 
vs Ag/AgCl, which was ascribed to a one-electron oxidation of the TEMPO unit. The PPPB 
layer exhibited a two-step wave at E1/2 = -0.28 and -0.70 V, due to the reductions of the 
viologen (V
2+
) group to produce the cation radical V
+
 and then the neutral V
0
 groups per 
repeating unit. Each of the anodic and cathodic peak current densities and their amounts of 
charge obtained by integration of the voltammetric waves were equal, which suggested the 
electrochemical reversibility of the redox reactions and chemical stability of all of the redox 
states involved in both polymers. The peak current densities were proportional to the potential 
scan rate v as a result of the fast charge propagation in the thin layers to represent the 
Nernstian absorbate-like behavior
32
 indicative of the surface confined electrochemical process. 
Narrow peak-to-peak separations (i.e. 32 mV for the layer of  photocrosslinked PTNB, and 
42 and 24 mV for the first and the second waves of PPPB, respectively) demonstrated rapid 
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charge transport in the polymer layers. Negligible diffusion tails revealed that all of the redox 
sites in the polymers readily responded to the electrode potential even for those placed away 
from the electrode surface with a distance of 70-90 nm, due to the rapid charge transport. It 
may be noted that the potential gap between the two polymers was so large (E1 = 1.08 V and 
E2 = 1.50 V) (Figure 3.2) that the cross reaction at the polymer/polymer interface should be 
sufficiently favored to give rise to the rectification effect of the bilayer device (vide infra). 
 
 
 
 
 
 
 
 
 
Figure 3.2 Cyclic voltammograms obtained for the layers of photocrosslinked PTNB 
(      ) and PPPB (      ) in 0.1 M (CH3)4NClO4 in acetonitrile at a scan rate of v = 5, 10, 
25, and 50 mV s
-1
. E represents the potential gap between the two polymers. E1 and E2 
correspond to the gaps for the first (E1/2 = -0.28 V) and the second (E1/2 = -0.70 V) redox 
reactions of PPPB, respectively. Thicknesses of the polymer layers were 70 nm for the 
photocrosslinked PTNB and 90 nm for the PPPB. 
 
 
Cyclic voltammograms of the photocrosslinked PTNB single-layer device were recorded 
with the four-electrode circuitry (Figure 3.1) to reveal the excellent performance of the 
polymer layer as the charge transport media. Both anodic and cathodic currents increased at 
the redox potential of the polymer and then reached plateau (Figure 3.3). The current flow 
process in the single-layer device consisted of the electrode reaction and the charge transport 
through the polymer layer. The presence of the plateau current indicated that the electrode 
reaction was so fast that it did not determine the current through the photocrosslinked PTNB 
layer, and that the diffusion-limited charge transport throughout the polymer layer with 700 
nm in thickness was accomplished at the sufficiently large overpotentials. 
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Figure 3.3 Four-electrode cyclic voltammograms obtained for the photocrosslinked PTNB 
single-layer device in 0.1 M (CH3)4NClO4 in acetonitrile, showing both first working (Pt) 
(      ) and second working (ITO) (      ) electrode current densities. Thickness of the 
polymer layer was 700 nm. EITO was maintained at 0 V and EPt was scanned from +0.2 to +1.3 
V at 5 mV s
-1
. Inset shows anodic () and cathodic (○) diffusion limited current density JLIM 
versus the inverse of the PTNB layer thickness d
-1
. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.4 Steady-state concentration gradients of oxidized and reduced species through the 
single-layer device at a sufficient bias voltage. 
 
 
In redox polymers, charge transport is driven by an electron self-exchange reaction 
between adjacent redox sites, and it is dominated by a diffusion of charge based on the redox 
gradient produced under the electrolyte conditions. When the anode potential is more positive 
and cathode potential is more negative than E1/2 of the sandwiched polymer, a steady-state 
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redox gradient through the polymer layer is maximized (Figure 3.4). The redox gradient 
provides the diffusion-limited current density JLIM obtained for the sandwich device according 
to the following equation
49
 
 
𝐽LIM =
𝜔0𝑛𝐹𝐷e𝐶T
𝑑
                                                                                                                                                       (3.1) 
 
where n, F, CT and d are numbers of electrons, the Faraday constant, the concentration of the 
pendant redox site, and polymer thickness, respectively. 0 is a correction factor for an 
electrostatic coupling between electron and counterion motion. The values of 0 for the redox 
reactions of photocrosslinked PTNB and PPPB were calculated to be 1.50 and 1.11, 
respectively, according to the theory described in the literature.
50
 (For evaluation of De, see 
Experimental Section.) The diffusion coefficient De reflected the mass transfer process for the 
electroneutralizing ions during the electrochemical exchange reaction in the layer. The 
observed JLIM in Figure 3.3 (2.3 mA cm
-2
) coincided with the theoretical value for the PTNB 
single-layer device (2.5 mA cm
-2
). It may be noted that JLIM obtained with the polymers in 
different thicknesses were proportional to d
-1
 according to equation (3.1) (Figure 3.3). These 
results demonstrated that the charge transport was ideally driven by the concentration gradient 
formed as a function of the charge transport distance in the device. This ideal properties of the 
charge transport process indicated that the polymer layer was almost defect-free as a result of 
amorphous and nonconjugated structure of the radical polymer to provide the uniform charge 
propagation medium throughout the layer. Moreover, contact stylus profile obtained for the 
PTNB and PPPB layers revealed flat surfaces with roughness of less than 6 nm and 15 nm, 
respectively (Figure 3.5), which promised a constant charge transport distance between the 
two electrodes of the device. Figure 3.3 showed a small hysteresis in currents between the 
forward and backward scans, as a result of transient response from the diffusion-limited layer. 
The cyclic voltammogram also displayed simultaneous increases of anodic and cathodic 
currents according to the potential scan, which was illustrative of the rapid charge transport 
through the polymer layer. Moreover, almost same magnitudes of anodic and cathodic 
currents JLIM suggested the robustness of the photocrosslinked PTNB in both redox states to 
allow a highly balanced charge transport. 
The diffusion-limited current density depended on the temperature (Figure 3.6), on the 
basis of the activation energy of oxidation and reduction of the TEMPO moiety.
51
 Radical 
polymers, such as TEMPO-substituted poly(methyl methacrylate) and polyacrylamide are 
stable even at 200 
o
C in reduced state. On the other hand, the oxidized species of TEMPO 
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degraded at 120 
o
C.
52
 It indicated the upper temperature limit at which the device shows the 
diffusion-limited current. It may be added that the rigidity of the composed swollen polymer 
would also affect the device performance. Radical polymer consisting of the flexible main 
chain, such as poly(4-glycidyloxy TEMPO), is a promising candidate embodying the larger 
diffusion-limited current density due to the physical displacement of the redox center during 
the charge diffusion process. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.5 Contact stylus profilometer height profiles of the (a) photocrosslinked PTNB and 
(b) PPPB layers. Thickness of the polymer layers were 700 nm for the two polymers. 
 
 
 
 
 
 
 
 
 
 
Figure 3.6 Four-electrode cyclic voltammograms obtained for the photocrosslinked PTNB 
single-layer device in 0.1 M (CH3)4NClO4 in acetonitrile at various temperatures. Thickness 
of the polymer layer was 750 nm. EITO was maintained at 0 V and EPt was scanned from +0.0 
to +1.4 V at 5 mV s
-1
. 
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Figure 3.7 Two-electrode cyclic voltammogram obtained for the photocrosslinked PTNB 
single-layer device in 0.1 M (CH3)4NClO4 in acetonitrile at a scan rate of v = 5 mV s
-1
. 
Thickness of the polymer layer was 650 nm. W. E. = working electrode; C. E. = counter 
electrode; R. E. = reference electrode. 
 
 
Current-voltage response obtained for the single-layer device displayed a sigmoidal curve 
and diffusion-limited currents at both positive and negative voltages (Figure 3.7). The result 
supported that the charge transport was dominated by the redox gradient and was varied as a 
function of the bias voltage. The electric conductivity estimated by the slope in the region 
where the current increased monotonically from 0 V was 4  10-5 S cm-1, which suggested 
that photocrosslinked PTNB behaved as a semiconductor in an electrolyte. DeCT
2
 denotes the 
charge transport ability in an electrolyte.
53
 The photocrosslinked PTNB layer exhibited 
relatively high DeCT
2
 of 3.8  1015 mol2 cm-4 s-1, owing to the densely populated radicals 
(radical density for PTNB is 2.0  1021 unpaired electron g-1).48 Although Os macrocomplex 
showed high DeCT
2
 of 1.3  1013 mol2 cm-4 s-1,54 it contains heavy metal, in contrast to the 
radical polymer. 
The polymer layers were preconditioned by repeated potential scanning to incorporate 
electrolyte ions and solvents, so that the mass transfer process to yield the steady state current 
was most likely dominated by the redistribution of the electroneutralizing ions already 
accommodated in the layer rather than the inclusion and exclusion of the electrolyte ions at 
the edge of the sandwiched device. 
The electrochemical response from the polymer/Pt foil as the working electrode, obtained 
with the Pt wire and Ag/AgCl as the auxiliary and reference electrodes (Figure 3.8), revealed 
the amount of charge equivalent to the formula-weight based theoretical redox density of the 
PPPB layer, which demonstrated the robustness of the mechanically placed Pt foil on the 
polymer layer. 
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Figure 3.8 Three-electrode cyclic voltammogram obtained for the photocrosslinked PTNB 
single-layer device in 0.1 M (CH3)4NClO4 in acetonitrile at a scan rate of v = 5 mV s
-1
. 
Thickness of the polymer layer was 700 nm. Pt foil was employed as working electrode. 
 
 
3.3 Rectification Effect with the Diffusion-Controlled Redox Mediation 
 
The redox conduction effect incorporated a cross reaction at the interface of dissimilar 
polymers, when the sandwiched layer was replaced with the bilayer of TEMPO and V
2+
 (See 
Experimental Section for the fabrication of the bilayer device). Applying a forward voltage to 
the bilayer device gave rise to the interfacial cross reaction according to equation (3.2) 
 
V
+
 + TEMPO
+
 → V2+ + TEMPO                                             (3.2) 
 
which was thermodynamically favored due to the large potential gap. The cross reaction 
between V
+
 and TEMPO
+
 was examined by UV-vis spectral changes, using a chloride salt of 
N,N’-dimethyl-4,4’-bipyridinium (MV2+) as a model compound for V2+ (Figure 3.9a). 
Absorptions at 396 and 606 nm attributed to MV
+
, prepared by electrolytic exhaustive 
reduction of MV
2+
, readily disappeared with the addition of the TEMPO
+
 and no unidentified 
absorption appeared after the elimination of the MV
+
, which revealed that the cross reaction 
went to completion without side reactions. The products of the cross reaction, MV
2+
 and 
TEMPO, showed no significant absorption in the region of 300-800 nm. The absorptions 
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attributed to MV
+
 was maintained when TEMPO was used instead of TEMPO
+
 (Figure 3.9b), 
which confirmed that V
+
 was stable against TEMPO. ESR spectral changes recorded for MV
+
 
in dichloromethane with the addition of TEMPO
+
 (Figure 3.10) revealed that a multimodal 
signal at g = 2.0030 due to MV
+
 disappeared and then replaced with a trimodal signal at g = 
2.0062 due to the reduction of TEMPO
+
 to yield TEMPO. The cross reaction to dominate the 
redox conduction effect of the bilayer device was thus considered to be highly selective. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.9 UV-vis spectral changes of 0.63 mM MV
+
Cl
-
 aqueous solution before (      ) 
and after (      ) adding (a) TEMPO
+
BF4
-
, (b) TEMPO. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.10 ESR spectra of 0.12 mM MV
+
Cl
-
 aqueous solution (a) before and (b) after adding 
TEMPO
+
BF4
-
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Figure 3.11 Two-electrode cyclic voltammogram obtained for the bilayer device composed of 
photocrosslinked PTNB and PPPB in 0.1 M (CH3)4NClO4 in acetonitrile at a scan rate of v = 
5 mV s
-1
. Thickness of the polymer layers were 700 nm for the two polymers. 
 
 
Current-voltage response obtained for the bilayer device composed of the photocrosslinked 
PTNB and the PPPB layers exhibited a rectified conduction effect. Rectification ratio, which 
is defined as the ratio of peak currents obtained at a given potential bias, was 16 at 1.8 V in 
the bilayer device (Figure 3.11). Although the current density was relatively low, the ratio was 
comparable to the electrochemical diodes reported in previous literatures.
55,56
 It may be added 
that the ratio was lower than those obtained for other conventional devices,
57,58
 but the current 
density for the present device surpassed those for the highly rectifying devices, as a result of 
the facile charge transport in the two layers (vide infra). Previous studies on the 
electrochemical rectifying devices were mainly based on the use of ionic conducting 
polymers
56,57
 and self-doped conjugated polymers,
55,58
 where increasing the rectification ratio 
and yet maintaining the current density was a topic of issue. The present PTNB/PPPB device 
is characterized by the remarkable rectifying response to combine these properties at 
moderate levels. Driving voltages of the bilayer device corresponded to E1 and E2, which 
was suggestive of the presence of the cross reaction at the polymer/polymer interface and 
indicated the possibility of tuning the driving voltage of the bilayer device by the potential 
gap between the two polymers. The wet process for the device fabrication allowed close 
contact of the dissimilar layers with 700 nm in thickness and the surface roughness of several 
nanometers. 
The redox conduction effect by the bilayer device was dominated both by the cross 
reaction and the exchange reaction through the polymer layers.
53,59
 The overall current 
densities at sufficiently large overvoltages were determined by the exchange reaction. The 
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current-voltage response displayed two distinct plateau currents (Figure 3.11), which 
suggested that two steady-state redox gradients formed in response to the applied voltage. 
Redox gradients of V
2+/+
 and TEMPO
0/+
 were formed through each layer in the voltage region 
where the first plateau was observed. Theoretical JLIM  calculated from eq. 1 was 2.5 mA 
cm
-2
 for the photocrosslinked PTNB layer and 0.34 mA cm
-2
 for the PPPB layer, while the 
observed JLIM in Figure 3.11 was 0.20 mA cm
-2
. The good coincidence between the values of 
JLIM for the bilayer device and that for the pristine PPPB clearly demonstrated that the redox 
gradient through the PPPB layer determined the overall current. It may be added that the 
small deviation of the observed JLIM from the calculational value would have been caused by 
the limitations in evaluating De and the swollen film thickness. The two-electron reduced V
0
 
produced at higher voltage region changed the steady-state redox gradient to give rise to the 
second plateau current. The second JLIM was larger than the first JLIM, as a result of the faster 
charge diffusion based on the second redox reaction of viologen (De = 1.1 and 4.8  10
-10
 cm
2
 
s
-1
 for the first and the second reactions, respectively). The electron diffusivity De for the 
PPPB layer gave exchange rate constants of kex = 3.7  10
3
 and 9.1  103 M-1s-1 for the first 
and second reductions, respectively, which were comparable with those (8.4  103 and 1.6  
10
5
 M
-1
s
-1
) reported under different conditions.
60
 
 
 
 
 
 
 
 
 
 
Figure 3.12 Four-electrode cyclic voltammogram obtained for the bilayer device composed 
of photocrosslinked PTNB (300 nm) and PPPB (300 nm) in 0.1 M (CH3)4NClO4 in 
acetonitrile, showing both first working (Pt) (      ) and second working (ITO) (      ) 
electrode current densities. EW2 (ITO) was maintained at 1.2 V and EW1 (Pt) was scanned from 
-1.2 to +1.2 V at 2 mV s
-1
. 
 
 
Cyclic voltammograms of the bilayer device recorded when the potential of the PPPB 
electrode was maintained at -1.2 V vs Ag/AgCl are shown in Figure 3.12. The currents 
+ 
-2
-1.5
-1
-0.5
0
0.5
1
1.5
-2 -1.5 -1 -0.5 0 0.5 1 1.5
C
u
rr
e
n
t 
d
e
n
s
it
y
 (
m
A
/c
m
2
)
Potential (V vs. Ag/AgCl)
PPPB
Fixed at -1.2 V
(vs Ag/AgCl)
Scanned
PTNB
TEMPO/Viologen Electrochemical Heterojunction for Diffusion-Controlled Redox Mediation: 
A Highly Rectifying Bilayer-Sandwiched Device Based on Cross-Reaction 
at the Interface between Dissimilar Redox Polymers 
 67 
increased at the redox potential of the photocrosslinked PTNB layer and then reached the 
plateau as expected. Rapid charge transport including the cross reaction process was 
demonstrated by the simultaneous increase of anodic and cathodic currents according to the 
potential scan. The equivalent diffusion-limited currents proved the balanced charge transport 
through the bilayer device, although the charges must undergo several processes to travel 
through the device. 
Thinner layers of polymers which exhibit charge transport based on the ideal redox 
mediation as described in this chapter are expected to provide larger current densities, due to 
steeper redox gradients. Further increasing the current density by reducing the layer thickness 
in the bilayer device down to <100 nm to exhibit the surface confined process (Figure 3.2) 
while maintaining the rectification ratio of the device, which have so far been impeded by the 
inherent surface roughness of the PPPB layer, are the topic of our continuous research. 
 
3.4  Experimental Section 
 
Materials 
Sodium dithionite was purchased from Junsei Chemical. 2,6-Bis(p-azidobenzal)-4- 
tert-amylcyclohexanone was purchased from Tokyo Gosei. All other reagents were purchased 
from Sigma-Aldrich, and were used without further purification. All solvents were distilled 
for purification before use. The indium tin oxide (ITO)/glass electrode was purchased from 
Asahi Glass, which was cleaned by plasma etching before use. 
 
Apparatus 
1
H and 
13
C NMR spectra were recorded on a JEOL JNM-LA 500 spectrometer with 
chemical shifts downfield from tetramethylsilane as an internal standard. Infrared spectra 
were obtained using a JASCO FT-IR 6100 spectrometer. UV-vis spectra were recorded using 
an ALS spectrometer SEC 2000. Mass spectra were obtained using a JEOL JMS-SX 102A 
spectrometer or a Shimadzu GCMS-QP5050 spectrometer. ESI-MS spectroscopy was 
performed for the negative ion mode using the ion-trap Thermo Quest FINNIGAN LCQ 
DECA. Elemental analyses were performed using a Perkin-Elmer Model PE-2400 II 
elemental analyzer and a Metrohm Model 645 multi DOSIMAT auto buret. Two parallel 
analyses were performed for each sample. Molecular weight measurements were done by gel 
permeation chromatography using TOSOH HLC 8220 instrument with tetrahydrofuran as the 
eluent. ESR spectra were recorded using a JEOL JES-TE200 spectrometer with a 100 kHz 
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field modulation and a 0.1 mT width. The film thicknesses were estimated using a KLA 
Tencor P-6 contact stylus profiler. 
 
Electrochemical measurements 
Electrochemical analyses were carried out using an ALS electrochemical analyzer 760 EW. 
All analyses were performed under nitrogen. A coiled platinum wire or a glassy carbon plate 
(2.5 cm × 2.5 cm) was employed as counter electrodes, and a commercial Ag/AgCl 
immersed in a solution of 0.1 M TBAClO4 in CH3CN was employed as a reference electrode. 
The formal potential of the ferrocene/ferrocenium couple was +0.45 V vs this Ag/AgCl 
electrode. Diffusion coefficients De for the redox gradient-driven charge transport process in 
polymer layers were determined from the slope of Cottrell plots obtained from potential-step 
chronoamperometry according to i = nFACT(De/πt)
1/2
, where n, A, and CT  are numbers of 
electrons, the working electrode area and the concentration of the pendant redox site, 
respectively. 
 
Synthesis of 2,3-bis(2’,2’,6’,6’-tetramethylpiperidin-1’-oxyl-4’-oxycarbonyl) 
-5-norbornene
48
 
The norbornene monomer bearing TEMPO as redox-active site was synthesized from 
cis-5-norbornene-endo-2,3-dicarboxylic anhydride. N,N-Dimethylaminopyridine (0.75 g), 
cis-5-norbornene-endo-2,3-dicarboxylic anhydride (2.50 g), 
4-hydroxy-2,2,6,6-tetramethylpiperidin-1-oxyl (5.78 g) and triethylamine (3.0 ml) were added 
to benzene (200 ml) and stirred for 15 h at 80 
○
C under nitrogen atmosphere. The reaction 
mixture was cooled to room temperature.  2-Chloro-1-methylpyridinium iodide (4.29 g) was 
added to the reaction mixture and stirred for 20 h at room temperature, producing a precipitate 
(2-chloro-1-methylpyridinium iodide) that was removed by filtration. The crude product was 
partitioned between dichloromethane and aqueous solution of ammonium dichloride, and 
organic layer was dried with magnesium sulfate. After evaporation, the residue was purified 
by silica gel column chromatography with ethyl acetate/chloroform/hexane (4/3/3) eluent, 
followed by recrystallization to give 2,3-bis(2’,2’,6’,6’-tetramethylpiperidin-1’- 
oxyl-4’-oxycarbonyl)-5-norbornene as an orange crystal. Yield: 41 %. 1H NMR (CDCl3, 500 
MHz, ppm): δ = 6.26 (s, 2H, olefinic =CH), 5.00 (m, 2H, piperidine methine), 3.21 (s, 2H, 
endo-methine), 3.14 (s, 2H, bridgehead CH), 1.92 (m, 4H, piperidine CH2), 1.62 (m, 4H, 
piperidine CH2), 1.46 (d, 1H, bridge carbon CH2), 1.39 (d, 1H, bridge carbon CH2), 1.23 (d, 
12H, TEMPO CH3), 1.20 (d, 12H, TEMPO CH3); 
13
C-NMR (CDCl3, 500 MHz, ppm): δ = 
172.0, 134.7, 66.2, 60.6, 48.8, 48.2, 46.3, 43.3, 31.4, 20.4; IR (cm
-1
): 2975 (vC-H), 1736(vC=O), 
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1178,1161 (vC-O); Anal Calcd for C27H42N2O4: C, 66.1%; H, 8.6%; N, 5.7%. Found: C, 65.9%; 
H, 8.8%; N, 5.5%&; FAB-MS (m/z): calcd 490.6 (M
+
), found 490.9. 
 
Ring-opening metathesis polymerization of the norbornene monomer
48
 
The norbornene monomer (500 mg) and the Grubbs second generation catalyst (43.3 mg) 
were added to toluene (10.2 ml) and stirred for 15 h at 40 
○
C under nitrogen atmosphere. 
Poly[2,3-bis(2’,2’,6’,6’-tetramethylpiperidin-1’-oxyl-4’-oxycarbonyl)-5-norbornene] was then 
precipitated from excess hexane to yield a pale orange powder. Yield: 96 %. Mn = 23,700, 
Mw/Mn = 1.3. 
 
Preparation of a photocrosslinked poly[2,3-bis(2’,2’,6’,6’-tetramethylpiperidin 
-1’-oxyl-4’-oxycarbonyl)-5-norbornene] (PTNB) electrode 
Photocrosslinked 
poly[2,3-bis(2’,2’,6’,6’-tetramethylpiperidin-1’-oxyl-4’-oxycarbonyl)-5-norbornene] (PTNB) 
electrode was prepared by a procedure described in the literature,
48
 with slight modification as 
follows. To an ethyl lactate solution of PTNB (42-91 mg, 7.5-15 wt%) was added to a toluene 
solution of photocross-linker, 2,6-bis(p-azidobenzal)-4-tert-amylcyclohexanone (3.2-6.9 mg, 
7.5-15 wt%) and the mixture was spin coated on an ITO substrate using MIKASA 1H-D3 spin 
coater at 800-2000 rpm. After drying in vacuum for 12 h, photocrosslinking was carried out 
by UV irradiation (Ushio Inc. USH-250D, 40 mJ cm
-2
). Finally, the polymer electrode was 
washed with acetonitrile to remove any soluble part. 
 
Synthesis of 3-Bromopropylpyrrole (precursor of N,N’-bis(3-pyrrole-1-yl-propyl) 
-4,4’-bipyridinium dibromide)60 
2,5-Dimthyltetrahydrofuran (4.9 ml), 3-bromopropylamine hydrobromide (28.3 g) and 
sodium acetate (15 g) were added to acetic acid (18.7 ml) and distilled for 30 min at 120 
○
C. 
The reaction mixture was cooled to room temperature and poured into saturated aqueous 
solution of sodium chloride. The crude product was extracted with dichloromethane and 
washed with saturated aqueous sodium carbonate, sodium chloride and water. The 
dichloromethane extract was dried with magnesium sulfate. After evaporation, the residue 
was purified by silica gel column chromatography with a hexane/dichloromethane (3/1) 
eluent, followed by evaporation to give 3-bromopropylpyrrole as a yellow powder. Yield: 
16 %. 
1
H NMR (CDCl3, 500 MHz, ppm): δ = 6.66 (t, 2H, pyrrole CH), 6.14 (t, 2H, pyrrole 
CH), 4.07 (t, 2H, CH2), 3.30 (m, 2H, CH2), 2.24 (t, 2H, CH2). 
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Synthesis of N,N’-Bis(3-pyrrole-1-yl-propyl)-4,4’-bipyridinium dibromide60 
4,4’-Bipyridyl (0.11 g) and 3-bromopropylpyrrole (1.0 g) were refluxed in ethanol (2.0 ml) 
for 36 h. Produced precipitate was washed with ethanol and diethylether and dried overnight 
under vacuum. N,N’-Bis(3-pyrrole-1-yl-propyl)-4,4’-bipyridinium dibromide was obtained as 
a yellow powder in the yield of 70 %. 
1
H NMR (CDCl3, 500 MHz, ppm): δ = 8.83 (d, 4H, 
bipyridine CH), 8.24 (d, 4H, bipyridine CH), 6.63 (t, 4H, pyrrole CH), 5.98 (t, 4H, pyrrole 
CH), 4.67 (t, 4H, CH2), 4.10 (t, 4H, CH2), 2.56 (m, 4H, CH2); ESI-MS (m/z): calcd 80.9, 78.9 
(M
-
), found 80.9, 78.9. 
 
Anion exchange of the dibromide salt 
Saturated aqueous solution of N,N’-bis(3-pyrrole-1-yl-propyl)-4,4’-bipyridinium 
dibromide (2.0 ml) was poured into saturated aqueous solution of sodium tetrafluoroborate 
(35 ml) slowly while stirring the solution. The mixture was stirred for 30 min, producing a 
precipitate that was washed with water and dried overnight under vacuum. 
N,N’-Bis(3-pyrrole-1-yl-propyl)-4,4’-bipyridinium ditetrafluoroborate was obtained as a 
yellow powder. ESI-MS (m/z): calcd 87.0, 86.0 (M
-
), found 87.0, 86.0. 
 
Electropolymerization of N,N’-bis(3-pyrrole-1-yl-propyl)-4,4’-bipyridinium 
ditetrafluoroborate 
Poly[N,N’-bis(3-pyrrole-1-yl-propyl)-4,4’-bipyridinium] (PPPB) films were 
electropolymerized for 2-40 min onto an ITO substrate from 0.1 M Bu4NClO4/CH3CN with 
the 2 mM pyrrole monomer, by maintaining the electrode potential at +1.25 V vs Ag/AgCl 
using a glassy carbon substrate as a counter electrode.  The film thickness of PPPB was 
proportional to the charge passed during the electropolymerization. 
 
Synthesis of N,N’-dimethyl-4,4’-bipyridinium hexafluorophosphate (MV+PF6
-
) 
N, N’-Dimethyl-4,4’-bipyridinium, commonly referred to as methylviologen (MV), and a 
hexafluorophosphate salt of a one-electron reduced cation radical (MV
+
PF6
-
) was synthesized 
according to a previous literature.
61
 All processes were performed under argon atmosphere. 
Methyl viologen dichloride (500 mg) was dissolved in water (25 ml) and sodium dithionite 
(337.5 mg) and aqueous 10% ammonia (15 ml) were successively added to the solution while 
stirring. The solution became deep blue upon addition of the sodium dithionite and then deep 
purple upon addition of the ammonia solution. The mixture was stirred for 20 min, and 
aqueous 15% HPF6 (4 ml) was added, producing a purple precipitate that was filtered and 
washed with water. After drying overnight under vacuum, the crude product was dissolved in 
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acetonitrile (17.5 ml) and reprecipitated with diethylether (50 ml) to yield MV
+
PF6
-
 as deep 
blue powder. The assay of MV
+
PF6
-
 was performed using UV-vis spectroscopy. An 
acetonitrile solution of MV
+
PF6
-
 (1.5 × 10-5 M) was prepared and transferred to a quartz 
cell (pathlength 1.0 cm). All processes were performed under argon atmosphere. λmax = 606 
(608), 396 (396) nm, ε = 33,500 (41,500) and 11,100 (13,500), respectively. Values in 
parentheses are taken from ref. 61. 
 
Synthesis of tetrafluoroborate salt of TEMPO
+
 
Synthesis of a tetrafluoroborate salt of TEMPO
+
 (TEMPO
+
BF4
-
) has been reported by our 
group.
62
 TEMPO (6.81 g) was dissolved in water (18.7 ml) and an aqueous 48% 
tetrafluoroboric acid (6.54 ml) was added slowly while stirring the solution. The reaction 
mixture was stirred for 2h, and then cooled in an ice bath and sodium hypochlorite (29.1 ml) 
was added to the mixture slowly, producing a yellow precipitate that was washed with 
near-freezing water and dichloromethane. The crude product was dried overnight under 
vacuum, followed by recrystallization to give TEMPO
+
BF4
-
 as a yellow needle like crystal. 
Yield: 58%. IR (cm
-1
): 1626 (vN=O); Anal Calcd for C9H18BF4NO: C, 44.5%; H, 7.5%; N, 
5.8%. Found: C, 44.7%; H, 7.4%; N, 5.7%. 
 
Fabrication of single-layer and bilayer devices 
Both single-layer and bilayer devices were fabricated by sandwiching the polymer layer(s) 
between ITO/glass and Pt. A part of the ITO/glass was etched with aqua regia vapor for 30 
min, and the etched part was washed with pure water. The etched ITO was then sequentially 
sonicated in acetone, pure water, Semico Clean (Furuuchi Chemical) and isopropyl alcohol 
for 30 min. PTNB film was spin coated on the etched ITO for the single-layer device. For the 
bilayer device, PPPB was electropolymerized on the etched ITO, and then photocrosslinked 
PTNB was laminated on the PPPB layer. Next, pure water was dropped on the 
photocrosslinked PTNB single-layer or photocrosslinked PTNB/PPPB laminated layer and Pt 
foil was placed on the wet polymer. Then the pure water was removed by vacuum drying for 
12 h to obtain a polymer/Pt interface. 
 
Potential control and cell arrangement 
Four-electrode configuration allowing independent control of the potentials for the two 
working electrodes relative to the reference electrode was employed to obtain a 
current-potential response from the sandwiched devices. A Pt foil was employed as the first 
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working electrode and its potential (EPt) was scanned. An ITO/glass plate was employed as 
the second working electrode and its potential (EITO) was fixed. The current at each of the Pt 
and ITO electrodes was measured as a function of the electrode potentials. Two-electrode 
system was also used for examination of the current-voltage response from the bilayer device, 
where ITO was employed as the working electrode and Pt as the counter and reference 
electrode. The current between the ITO and Pt electrodes was measured as a function of the 
voltage applied to the device. 
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4.1  Introduction 
 
Electrochemical responses to an electrode potential are the principal phenomena for the 
energy conversion and storage and the detection of an analyte in various devices, such as 
electrochromic displays,
1
 rechargeable batteries,
2
 supercapacitors,
3
 light-emitting 
electrochemiluminescent devices
4
 and (bio)sensors.
5
 In particular, the current change is the 
crucial process to fulfill the functions, and the magnitude of the current determines the device 
performance including the response time,
6
 power characteristic
7
 and the light intensity.
8
 
Therefore, the electrochemical charge transport depending on the electrode potential has been 
the important issue for the device application. 
The charge transport in polymeric assemblies containing redox-active units, associated 
with the electrode potential, has been extensively studied
9
 by not only the exploration of their 
electrochemical properties using sandwiched electrodes
10
 and array electrodes
11
 but also the 
investigation of the sensing performance based on the redox mediation effect.
12
 The charge 
transport driven by electron self-exchange reaction between the neighboring redox sites, i.e. 
redox conduction, was characterized by the sensitive change in the current as a function of the 
electrode potential.
13
 However, the current has often been limited by the slow electron 
exchange reaction process in the polymer layers. 
Our original avenue for redox polymers demonstrating rapid charge transport in an 
electrolyte has recently opened up to take advantage of the fast, reversible and stoichiometric 
redox behaviors in an organic robust radicals, such as 2,2,6,6-tetramethylpiperidin-1-oxyl 
(TEMPO),
14
 galvinoxyl,
15
 nitronyl nitroxide,
16
 and 2,2,5,5-tetramethyl-1-pyrrolidinoxy 
(PROXYL).
17
 The redox polymers bearing these radicals per repeating unit, which are 
so-called radical polymers, exhibited swift charge-discharge at 120 C rate (i.e., full charging 
within 30 s) as electrode-active materials.
18
 The high-power organic-based battery composed 
of the radical polymers demonstrated the charge-discharge characteristics without fluctuating 
voltage,
19
 due to the specific redox potentials of the polymers.
20
 
To explore the redox conduction effect in the radical polymer layer, we fabricated the 
radical polymer-sandwiched devices composed of 4-amino-TEMPO functionalized 
polyacrylic acid.
21
 The large mediation current density of 6 mA cm
-2
 was produced by the 
facile charge diffusion with the steep concentration gradient of redox species through the 
polymer layer. Moreover, the bilayer device composed of protocrosslinked TEMPO-bearing 
polynorbornene (PTNB) and polypyrrole-based viologen polymer gave rise to the rectification 
effect with the threshold voltage corresponding to the redox potential gap between the 
composed polymers, which suggested that the mediation current could be precisely controlled 
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by the electrode potential.
22
 
We anticipated that a large current response, corresponding to a small change in the 
electrode potential, should be achieved by the redox mediation in the protocrosslinked 
PTNB-sandwiched device with a nanogap (~60 nm) between the two electrodes (Figure 4.1a), 
affording the steep redox gradient. The good film formability of PTNB
22,23
 allowed us to 
fabricate the nanostructure by the simple lamination process, without the need to employ 
sophisticated techniques to prepare nanogap devices,
24
 avoiding short circuit. In this chapter, 
we demonstrate that the facile redox conduction depending on the electrode potential leads to 
the highly sensitive electrochemical current change, which gave insight into the nature of the 
fast and enhanced responses in the electrochemical devices. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.1 (a) Schematic representation of the cross-sectional view of the photocrosslinked 
PTNB-sandwiched nanogap device and the circuit elements. (b) ID-VG response in the 
electrochemical transistor composed of a redox polymer such as PTNB. (c) Molecular 
structure of PTNB. (d) Redox states and charge transport through the device at various gate 
voltages. 
 
 
One of the electrodes in the device was employed both as the gate and the source, and the 
other was employed as the drain. When the gate voltage VG, the potential difference between 
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the gate and the Ag/AgCl reference electrode, is close to the redox potential E1/2 of the redox 
polymer (VG = VG
1
 in Figure 4.1b), the drain current ID is produced as a result of the redox 
mediation. On the other hand, when VG is significantly more negative or positive than E1/2 (VG 
= VG
2
 or VG
3
, respectively), either oxidized or reduced sites are present in the polymer layer 
and consequently ID becomes almost 0. 
 
4.2  Redox Mediation with the Steep Redox Gradient 
 
 
 
 
  
 
 
 
 
 
 
 
Figure 4.2 Four-electrode cyclic voltammograms obtained for the photocrosslinked 
PTNB-sandwiched nanogap device in 0.1 M (CH3)4NClO4 in acetonitrile, showing both first 
working (microelectrode) (black solid curve) and second working (Pt foil) (red solid curve) 
electrode current densities. Theoretical anodic (black dashed curve) and cathodic (red dashed 
curve) current densities were obtained from equation (4.1) and Nernst equation. Thickness of 
the polymer layer was 60 nm. Emicroelectrode was maintained at 0 V and Efoil was scanned from 
+0.5 to +1.1 V at 5 mV s
-1
. 
 
 
A photocrosslinked PTNB-sandwiched nanogap device was prepared according to the 
method described in a previous report
22
 using a microelectrode. Four-electrode circuitry was 
employed in the electrochemical measurements to control the potentials of the both electrodes 
independently. Cyclic voltammogram obtained for the device is shown in Figure 4.2. While 
the potential of the microelectrode was swept vs. Ag/AgCl, that of the Pt foil was maintained 
at 0 V. The currents increased at E1/2 of photocrosslinked PTNB and then reached a plateau. 
The sufficiently large overpotentials at the cathode and the anode caused the fast electrode 
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reactions, and the plateau currents suggested that the charge transport in the polymer layer 
limited the current. 
Charge transport in a redox polymer is driven by the concentration gradient of the redox 
species.
25
 The fast anodic and cathodic electrode reactions which do not limit the overall 
charge transport process in the polymer-sandwiched device maximize the redox gradient 
through the polymer layer at a steady state. The diffusion-limited current density JLIM, 
produced by the maximized steady-state redox gradient, can be calculated by the following 
equation:
26
 
 
𝐽LIM =
𝜔0𝑛𝐹𝐷e𝐶T
𝑑
                                                                                                                                                       (4.1) 
 
where 0, n, F, De, CT and d are the correction factor, the number of electrons, the Faraday 
constant, the diffusion coefficient, the concentration of the redox site and the polymer 
thickness, respectively. The correction factor was added into the equation to take into account 
electrostatic coupling between electron and counterion motion, which was calculated to be 
1.50 for the redox reaction of photocrosslinked PTNB, according to the theory described in 
the previous literature.
27
 The observed JLIM in Figure 4.2 corresponding to the theoretical 
value (39 mA cm
-2
) confirmed the charge transport ideally driven by the redox gradient as a 
result of the uniform charge propagation throughout the almost defect-free layer
22
 in the 
photocrosslinked PTNB-sandwiched nanogap device. Note that the large current density was 
produced not only by the exceptionally steep redox gradient through the very thin layer but 
also by the excellent charge transport property of photocrosslinked PTNB based on the fast 
electron self-exchange reaction.
22,23
 The current response obtained for the present device was 
analogous to the single-layer device composed of the thicker PTNB layer in the previous 
literature,
22
 despite the different electrode materials, which indicated the uniform polymer 
layer without a specific interface structure and the diffusion-controlled charge transport nearly 
independent of the kind of the electrode materials. 
Since the concentration of the redox species on the electrode surface at the steady state 
is obtained from the Nernst equation, the theoretical steady-state current at the swept potential 
can be also calculated from the equation (4.1). The theoretical currents are displayed in Figure 
4.2 as dashed curves. The analogous shapes proved that the concentrations of the redox 
species on the electrode surfaces reached the equilibrium value immediately and the device 
readily achieved the steady state in response to the swept potential. The swift formation of the 
steep redox gradient, ideally following the Nernst equation, was predictive of the fast current 
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response (vide infra). 
 
4.3  Transistor-Like Behavior of Polynorbornene Bearing TEMPO 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.3 (a) ID vs. VD and (b) ID vs. VG obtained for the photocrosslinked 
PTNB-sandwiched nanogap device in 0.1 M (CH3)4NClO4 in acetonitrile. Scan rate for the ID 
vs. VD and ID vs. VG curves were 5 and 1 mV s
-1
, respectively. Thickness of the polymer layer 
was 60 nm. The electrode area was 0.05 mm
2
. 
 
 
The current variation in response to the electrode potential of the photocrosslinked 
PTNB-sandwiched nanogap device in an acetonitrile-based electrolyte was examined with the 
circuit described in Figure 4.1a. A significant increase of ID even at low VD can be ascribed to 
the electrochemical charge transport process without the large injection barrier at the 
electrode/polymer interface (Figure 4.3a). ID increased as VG became close to the redox 
potential of PTNB (E1/2 = +0.81 V vs Ag/AgCl) in both ID-VD and ID-VG responses (Figure 
4.3b), which indicated that the transistor-like behavior was dominated by the redox 
conduction effect. The region of VG where the obvious current was produced was very narrow 
(the width at half-height of the peak was 0.12 V at 60 mV of VG), in good agreement with the 
theoretical half width of 0.11 V obtained from the Nernst equation and equation (4.1). The 
transconductance gm was calculated from the maximum slope of the ID-VG curve and the gate 
width.
28
 gm of the present device (6.8 S mm
-1
) was much higher than those obtained in the 
microelectrochemical transistors using a ferrocene-containing polymer (0.2 S mm-1)28 and a 
viologen-containing polymer (0.5 S mm-1).29 It should be emphasized that the present 
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electrochemical transistor successfully incorporated the narrow VG region where the device 
turned on and the relatively high gm, due to the facile redox conduction.  The long 
equilibrium time
28
 or very slow sweeping of the electrode potential
29
 were required to observe 
the sharp peak of ID in the conventional microelectrochemical transistors composed of those 
already reported redox polymers. In contrast, the ID-VG characteristics with the sharp peak 
was obtained with the moderate sweeping rate of 5 mV s
-1
 in the present device, which was 
illustrative of the fast response of the thin radical polymer layer. 
 
4.4  Electrochemical Amplification Using Polynorbornene Bearing TEMPO 
 
 
 
 
 
 
 
 
 
Figure 4.4 Plots of (a) VG, (b) ID and (c) IG vs. time at a frequency of 1 Hz obtained for the 
photocrosslinked PTNB-sandwiched nanogap device in 0.1 M (CH3)4NClO4 in acetonitrile. 
VG was changed from -0.1 to +1.1 V. VD was maintained at 0 V vs. Ag/AgCl which meant that 
VD = VG. Thickness of the polymer layer was 60 nm. The electrode area was 0.05 mm
2
. 
 
 
The amplification effect in the electrochemical transistor was investigated by applying an 
alternating gate voltage from -0.1 to +1.1 V (Figure 4.4a). VD was maintained at 0 V vs. 
Ag/AgCl to keep the reduced state of the polymer on the drain surface regardless of VG. The 
device turned on following the positive sweep of VG to +1.1 V, and then turned off following 
negative sweep back to -0.1 V at which almost all of the redox sites in the polymer layer was 
fallen into the reduced state (Figure 4.4b). The repeatable switching characteristics were 
demonstrated, owing to the reversible redox behavior of photocrosslinked PTNB and the 
electrochemical robustness in both redox states. The power amplification A was given by the 
ratio of the average power in the drain circuit Pdrain and that in the gate circuit Pgate.
30
 Pgate was 
calculated from IG and VG. IG was associated with the current needed to switch the device 
(Figure 4.4c). A larger magnitude of A = 1.9 than unity (i.e. 1.0) calculated from the results in 
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Figure 4.4 proved that the photocrosslinked PTNB-sandwiched nanogap device achieved 
power gain on the basis of the redox mediation process including the fast formation of the 
steep redox gradient. Pursuing an even larger magnitude of the signal amplification as well as 
enhancing the response rate (>1 Hz) are the topics of our continuous research. 
 
4.5Experimental Section 
 
Materials 
Grubbs catalyst, 2nd generation was purchased from Sigma-Aldrich. Tokyo Chemical 
Industry Co., and were used without further purification. All solvents were distilled for 
purification prior to use. The glass substrate was cleaned by plasma etching using YAMATO 
PR-301 plasma reactor and sonication using AIWA AU-16C ultrasonic cleaner before use. 
 
Apparatus 
1
H and 
13
C NMR spectra were obtained on a JEOL JNM-LA 500 spectrometer with 
chemical shifts downfield from tetramethylsilane as an internal standard. Infrared spectra 
were recorded using a JASCO FT-IR 6100 spectrometer. Mass spectra were obtained using a 
JEOL JMS-SX 102A spectrometer or a Shimadzu GCMS-QP5050 spectrometer. Elemental 
analyses were done employing a Perkin-Elmer Model PE-2400 II elemental analyzer and a 
Metrohm Model 645 multi DOSIMAT auto buret. Two parallel analyses were done for each 
sample. Molecular weight measurements were performed by gel permeation chromatography 
using TOSOH HLC 8220 instrument with tetrahydrofuran as the eluent. The film thicknesses 
were estimated using a KLA Tencor P-6 contact stylus profiler. 
 
Electrochemical measurements 
Electrochemical analyses were carried out employing an ALS electrochemical analyzer 
760 EW. A glassy carbon plate (2.5 cm × 2.5 cm) was employed as counter electrodes, and 
a commercial Ag/AgCl immersed in a solution of 0.1 M TBAClO4 in CH3CN was employed 
as a reference electrode. The formal potential of the ferrocene/ferrocenium couple was +0.45 
V vs this Ag/AgCl electrode. Electrochemical amplification effect was revealed by the 
application of the AC voltage signal using a frequency response analyzer (FRA) Solartoron 
SI-1260. The output current and voltage were obtained by high-speed data acquisition module 
Data Translation DT9836-6-0-BNC. 
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Synthesis of a photocrosslinked poly[2,3-bis(2’,2’,6’,6’-tetramethylpiperidin 
-1’-oxyl-4’-oxycarbonyl)-5-norbornene] (PTNB) electrode 
Photocrosslinked poly[2,3-bis(2’,2’,6’,6’-tetramethylpiperidin-1’-oxyl-4’-oxycarbonyl) 
-5-norbornene] (PTNB) electrode was prepared by a procedure described in the literature,
22
 
with slight modification as follows. The norbornene monomer bearing the TEMPO as 
redox-active site was synthesized from cis-5-norbornene-endo-2,3-dicarboxylic anhydride. 
The corresponding polymer was obtained by conventional ring-opening metathesis 
polymerization of the monomer (Mn = 23,700, Mw/Mn = 1.3). 
 
Fabrication of single-layer and bilayer devices 
A Pt microelectrode was prepared by photoresist and Pt sputtering (Figure 4.5). The 
Pt-patterned substrate was washed by sonication with acetone prior to modification of PTNB. 
To an ethyl lactate solution of PTNB (21-64 mg, 1.0-3.0 wt%) was added to a toluene solution 
of photocross-linker, 2,6-bis(p-azidobenzal)-4-tert-amylcyclohexanone (1.6-4.8 mg, 1.0-3.0 
wt%) and the mixture was spin coated on the Pt-patterned substrate using MIKASA 1H-D3 
spin coater at 5000 rpm. After drying in vacuum for 12 h, photocrosslinking was carried out 
by UV irradiation (Ushio Inc. USH-250D, 40 mJ cm
-2
). Then, the polymer electrode was 
washed with acetonitrile to remove any soluble part. Pure water was dropped on the 
photocrosslinked PTNB layer and Pt foil was placed on the wet polymer. The pure water was 
then removed by vacuum drying for 12 h to obtain a polymer/Pt interface. 
 
 
 
 
 
 
 
Figure 4.5 Schematic configuration and the picture of a Pt-patterned glass substrate. 
 
Potential control and cell arrangement 
Four-electrode configuration allowing independent control of the potentials for the two 
working electrodes relative to the reference electrode was employed to obtain a 
current-potential response from the PTNB-sandwiched devices. A Pt microelectrode was 
employed as the first working electrode and its potential (EMicroelectrode) was scanned. A Pt foil 
was employed as the second working electrode and its potential (EPt) was fixed. The current at 
10 m
20 mm
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each of the microelectrode and Pt foil electrodes was measured as a function of the electrode 
potentials. The microelectrode was connected to FRA and the AC voltage signal was inputted 
to examine the electrochemical amplification effect. The Pt foil was connected to the 
bipotentiostat (ALS electrochemical analyzer 760 EW) and the electrode potential of the Pt 
foil was fixed at 0 V vs. Ag/AgCl. The reference electrode and the counter electrode were 
shared with FRA and the bipotentiostat. 
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5.1 Introduction 
 
The demand for enhanced charge-storage system has been increased because of a rapid 
development of electrical vehicles and a widespread use of portable devices.
1,2
 Since a series 
of polymers containing redox-active groups such as ferrocene,
3,4
 thianthrene,
5
 
triphenylamine,
6
 carbazole
7,8
 and anthraquinone
9
 were discovered, their charge-discharge 
properties have been investigated to incorporate the unique characteristics as an organic 
electrode-active material: flexible, non-explosive and non-toxic properties into a secondary 
battery.
10–12
 However, the performance of the organic-based battery has often been limited by 
low output voltage
9
 and slow charge transport through the polymer layer
5
 preventing swift 
charge-discharge. 
Recently, we have developed a new class of polymer electroactive materials containing 
organic robust radicals, such as 2,2,6,6-tetramethylpiperidin-1-oxyl (TEMPO)
13
 and 
2,2,5,5-tetramethyl-1-pyrrolidinoxy (PROXYL),
14
 per repeating unit, which are so-called 
radical polymers. Organic-based battery composed of TEMPO-substituted polymer cathode 
and Li anode demonstrated relatively high output voltage of ~ 3.6 V resulting from the 
reversible redox reaction between a nitroxide radical and an N-oxoammonium cation at a 
positive potential.
15,16
 Moreover, the densely populated TEMPO groups allowed swift 
charge-discharge within 1 min (> 60 C) based on the fast electron self-exchange reaction 
between nearby TEMPO groups.
17,18
 Meanwhile, the reversible one-electron oxidation to 
produce cations from neutral groups (p-type redox reaction) in TEMPO-substituted polymers 
changes salt concentration during charge-discharge due to the anion migration for charge 
neutralization of the N-oxoammonium cation. The change in salt concentration makes excess 
amount of electrolyte salt necessary for ionic conduction and might bring about safety 
problem caused by the lithium deposition in contrast to the “rocking-chair-type” Li+ 
migration
19–21
 observed in inorganic transition-metal oxides such as LiCoO2,
22
 LiMn2O4,
23
 
and LiFePO4.
24
 in Li-ion batteries. 
To accomplish the rocking-chair-type charge-discharge characteristics maintaining the 
excellent features in radical polymers, we have proposed zwitterionic pendant design inspired 
by self-doping concept in conducting polymers.
17,25
 Self-charge compensation with anions 
bound to the polymer chain during the redox process in TEMPO-substituted polymer 
containing sulfonate anion gave rise to the rocking-chair-type Li
+
 migration. Alternating 
tendency in poly(TEMPO-methacrylate-stat-vinylsulfonic acid) helped the self-charge 
compensation with the sulfonate anion in an aqueous electrolyte.
25
 In this context, 
replacement of vinyl sulfonic acid with more hydrophobic styrene sulfonate was attempted to 
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allow the self-charge compensation in a non-aqueous electrolyte toward the Li-ion battery,
17
 
taking advantage of the enhanced swellability. However, the self-charge compensation was 
still being limited in organic carbonate mixtures composed of ethylene, dimethyl and diethyl 
carbonates (EC, DMC and DEC, respectively) which are currently employed as the electrolyte 
solvents in the Li-ion battery owing to their high ionic conductivity, high anodic stability and 
low toxicity.
26
 
We anticipated that the Li
+
 migration during the redox process should be achieved even in 
the organic carbonate mixture by incorporating trifluoromethanesulfonylimide (TFSI
-
) as a 
charge neutralizing anionic group into the TEMPO-substituted polymers. Lithium 
bis(trifluoromethanesulfonyl)imide has been regarded as one of the promising electrolytes in 
the Li-ion battery
27–29
 because of the strong delocalization of the negative charge,
30,31
 
resulting in high degree of ionic dissociation and consequent high ionic conductivity.
32
 
Polymers bearing TFSI
-
 group have recently been investigated as a polymer electrolyte for 
safe battery.
33–35
 They showed excellent single-ion conductivity,
33
 thermal stability
34
 and 
mechanical property
35
 compared to the conventional sulfonate-bearing polymers. The 
hydrophobic nature in the TFSI
-
 group with excellent dissociation properties in organic 
solvents is expected to facilitate the self-charge compensation (Scheme 5.1). In this chapter, 
redox copolymer containing both TEMPO and TFSI
-
 groups, 
poly(2,2,6,6-tetramethylpiperidin-1-oxy-4-yl 
methacrylate-co-styrenesulfonyl(trifluoromethanesulfonyl)imide) (P(TMA-co-TFSI)), was 
synthesized with controlled compositions to combine the Li
+
 migration characteristics in the 
organic carbonate mixture and fast charge-discharge capability at a positive potential. The 
unprecedented redox properties led to the rapid rocking-chair-type charge-discharge 
behavior
17,25
 in the carbonate mixture with high voltage, giving rise to an organic Li-ion 
battery featured by the high power density. 
 
 
 
 
 
 
 
Scheme 5.1 Mechanism of Li
+
 migration and self-charge compensation with 
trifluoromethanesulfonylimide (TFSI
-
) group in the copolymer during the redox process. 
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5.2 Synthesis of Copolymers Composed of TEMPO and Trifluoromethanesulfonylimide  
(TFSI) Properties of 4-Amino-TEMPO Functionalized Polyacrylic Acid 
 
 
 
 
 
 
 
 
Scheme 5.2 Synthesis of Radical Copolymer P(TMA-co-TFSI). 
 
 
P(TMA-co-TFSI) was synthesized as shown in Scheme 5.2. Since swelling in an organic 
carbonate mixture is necessary to perform fast redox reaction for charge-discharge including 
the charge neutralization process with the fixed anions in the copolymer, hydrophobic styrene 
and methyl methacrylate chain structures were employed. Copolymerization of 
2,2,6,6-tetramethyl-4-piperidyl methacrylate and  potassium 
4-styrenesulfonyl(trifluoromethanesulfonyl)imide and subsequent oxidation of piperidine 
moiety to produce the nitroxide radical were performed under the conditions mentioned in the 
Experimental Section. Diffusion-ordered spectroscopy (DOSY) NMR of P(TMA-co-TFSI) 
synthesized via copolymerization at a monomer feed ratio of 1 : 1 (x = 0.48 from entry 4 in 
Table 5.1) is shown in Figure 5.1. All proton peaks derived from each monomer unit were 
recorded with the same diffusion constant, which evidenced the formation of the copolymer. 
The unit ratios of P(TMA-co-TFSI) were calculated from the integrated area ratios of the 
peaks derived from proton bound to 4-carbon position of piperidine ring and those derived 
from aromatic region’s protons in NMR spectra (Table 5.1, Figure 5.2). The NMR spectra 
were obtained from the precursor polymers before oxidation to produce nitroxide radical. 
Reactivity ratios of each monomer (r1 = 0.97 and r2 = 1.07) were determined by 
Fineman-Ross method (Figure 5.3), which suggested the progress of the random 
copolymerization. Since TEMPO and TFSI
-
 groups need to be positioned close to each other 
for the self-charge compensation, P(TMA-co-TFSI) composed of the random monomer 
sequence is advantageous to demonstrate the Li
+
 migration compared with the composite of 
each homopolymer (vide infra). 
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S OO
N
S OO
CF3
K
+
OO
N
H
AIBN
MeOH / H2O
OO
N
H
x 1-x
S O
N
O
S OO
CF3
K
mCPBA OO
N
O
x 1-x
S O
N
O
S OO
CF3
K
THF
Charge-Discharge with Rocking-Chair-Type Li
+
 Migration Characteristics 
 in a Zwitterionic Radical Copolymer Composed of TEMPO and Trifluoromethanesulfonylimide 
 with Carbonate Electrolytes for a High-Rate Li-Ion Battery 
 93 
Table 5.1 Radical Polymerization of TMA Precursor and 
Styrenesulfonyl(trifluoromethanesulfonyl)imide. 
 Feed ratio 
(mol%) 
    
Unit ratio
b
 
  
Entry Yield
a
 (%) Mn (× 10
5
) Mw/Mn 
Fineman-Ross
c
 
1 2 x 1-x F
2
/f F(f-1)/f 
1 83 17 12 1.8 1.8 0.83 0.17 5.2 4.0 
2 75 25 34 1.1 1.7 0.74 0.26 3.1 2.0 
3 67 33 32 1.3 1.9 0.65 0.35 2.1  0.93 
4 50 50 24 1.0 1.8 0.48 0.52 1.1  -0.063 
5 33 67 19 1.0 1.6 0.32 0.68  0.51 -0.53 
6 25 75 27  0.73 1.7 0.23 0.77  0.36 -0.76 
7 17 83 25  0.98 1.5 0.17 0.83  0.20 -0.80 
a
Calculation on the weight base. 
b
Determined by 
1
H NMR. 
c
F = [1]/[2], f = x/1-x. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.1 DOSY spectrum of P(TMA-co-TFSI) precursor (x = 0.48) in C3D7NO. 
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Figure 5.2 
1
H NMR spectra of P(TMA-co-TFSI) precursors in C3D7NO. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.3 Fineman-Ross relationship for copolymerization of TMA precursor and 
styrenesulfonyl(trifluoromethanesulfonyl)imide. 
 
 
After the oxidation of the precursor copolymer, the resulting free radical was characterized 
by ESR spectroscopy. A DMF solution of the copolymer (x = 0.48, entry 4) showed a broad 
signal even in a dilute solution (Figure 5.4), in contrast to the hyperfine split trimodal 
spectrum for TEMPO due to the oxygen-centered nitroxide unpaired electron.
36
 The unimodal 
signal indicated densely populated nitroxide radicals bound to the polymer chain. The g-value 
measured in the ESR spectrum (g = 2.0054) was smaller than those obtained for TEMPO (g = 
2.0062) under the same conditions. It can be ascribed to the difference of environmental 
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polarity
37
 of the unpaired electrons, induced by the nearby TFSI
-
 group in the random 
copolymer. The radical density of the copolymer was estimated to be 7.57 × 10
20
 unpaired 
electrons g
-1
 by SQUID measurement (0.78 radicals per monomer unit based on the 
composition determined by 
1
H NMR). 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.4 ESR spectrum of 2.0 mM P(TMA-co-TFSI) DMF solution. 
 
 
As excess amount of charge neutralizing anion moiety decreases the theoretical redox 
capacity calculated from the molecular weight per radical site, we focused on 
P(TMA-co-TFSI) (x = 0.48, entry 4) in the investigation of the electrochemical properties. 
Although the theoretical capacity of the copolymer (48 mAh g
-1
) is lower than that of 
corresponding homopolymer, PTMA (111 mAh g
-1
), due to the presence of the 
electro-inactive TFSI
-
 moiety, the charge storage capacity in an overall cell can be increased 
because the copolymer contains not only charge storing TEMPO but also charge neutralizing 
TFSI
-
 before charging and it contributes to minimize the electrolyte amount. 
 
5.3 Redox Behaviors of Copolymers Composed of TEMPO and TFSI 
 
Ion migration during the redox process of P(TMA-co-TFSI) was investigated by 
electrochemical quartz crystal microbalance (EQCM). Cyclic voltammogram obtained from 
the layer of P(TMA-co-TFSI) on a GC QCM electrode exhibited a reversible redox wave at 
E1/2 = 0.73 V vs. Ag/AgCl due to the p-type redox reaction at the TEMPO radical (Figure 
328 332 336 340 344
Magnetic field (mT)
g = 2.0052
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5.5a). The separation of the anodic and cathodic peak potentials was 108 mV at a sweep rate 
of 10 mV s
-1
. The narrow peak-to-peak separation was suggestive of the rapid charge 
transport through the layer. The Li
+
 compensating for TFSI
-
 anion in the P(TMA-co-TFSI) 
layer was excluded for electroneutrality during the oxidation of the polymer as shown in 
Figure 5.5b, leading to the decrease of the polymer layer weight and hence the increase in the 
resonance frequency in the EQCM response (Figure 5.5a). On the other hand, PTMA which 
does not contain the charge neutralizing TFSI
-
 anion showed the weight change opposite to 
the copolymer-modified electrode because of the electrolyte anion insertion for charge 
neutralization of the N-oxoammonium cation during the oxidation.
25
 The change in the 
polymer layer weight provided a decisive diagnosis for the ion migration characteristics of the 
polymer. The weight change is thus able to be detected as the resonant frequency changes of 
the QCM electrodes (See Experimental Section for details). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.5 Cyclic voltammogram obtained for the layer of P(TMA-co-TFSI) on a GC QCM 
electrode in EC/DEC (3/7 = v/v) containing 0.1 M LiClO4 at a scan rate of 10 mV s
-1
 with a 
layer thickness of 50 nm. 
 
 
The resonant frequency obtained for the P(TMA-co-TFSI) modified electrode increased 
during the oxidation accompanied by the potential sweep (Figure 5.5), corresponding to the 
Li
+
 migration. The magnitude of the frequency change during the redox reaction gave insight 
into the amount of the inserted and excluded Li
+
 required for the charge neutralization. The 
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mass change relative to the redox capacity (m F/Qcalc.) was 437 g mol
-1
, which was 
calculated from the change in the resonant frequency and the capacity obtained by integration 
of the current coulometrically through the potential sweep in the cyclic voltammogram 
recorded at the same time. The large deviation of m F/Qcalc. from the molar mass of Li
+
 
suggested the solvation of the ion. The solvation number of Li
+
 in the 1 M LiClO4 EC/DEC 
(v/v = 1/1) solution was estimated to be 3.1 and 1.1 for EC and DEC, respectively, by Ogumi 
et al,
38
 and the molar mass of solvated Li
+
 calculated on the basis of these solvation numbers 
was 392 g mol
-1
. The molar mass were likely to become larger because the above solvent 
numbers were estimated with a higher salt concentration than that in the present EQCM 
measurement and the number of the solvent molecule per Li
+
 should increase with a decrease 
in the salt concentration. Indeed, such correlation between the solvation number of Li
+
 and the 
salt concentration was reported for various carbonate solvents and their binary mixtures.
39,40
 
These results indicated that N-oxoammonium cations in the copolymer layer were fully 
compensated by the TFSI
-
 group bound to the polymer chain. 
The ion migration during the redox process was also revealed by the examination of the 
correlation between the salt concentration and the redox potential under equilibrated 
conditions. The exclusion process of Li
+
 from the copolymer layer to the electrolyte solution 
was thermodynamically favored because of the Li
+
 concentration difference between them, 
and thus the driving force arising from the increase in the entropy of the electrochemical 
system depended on the salt concentration. On the other hand, the insertion process of the 
electrolyte anion for the charge neutralization during the oxidation of PTMA was 
thermodynamically disfavored. Therefore, the effect of the increase in the salt concentration 
upon the half-wave potential (E1/2) is opposite between P(TMA-co-TFSI) and PTMA. The 
correlation between the salt concentration and E1/2 is expressed by the Nernst equation.
17
 The 
equilibrium in redox reaction in the PTMA layer involving anion migration for charge 
compensation is expressed as follows: 
 
(R∙)p + (ClO4
−)s ⇌  (R
+ClO4
−
)p + e
− 
 
where R・ and R
+
 mean the nitroxide radical and N-oxoammonium cation, respectively, and p 
and s represent the polymer and the solution, respectively. The Nernst equation for the above 
redox reaction is described as follows: 
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𝐸PTMA = 𝐸PTMA
°′ + 2.3
𝑅𝑇
𝐹
log (
[R+ClO4
−]p
[R∙]p[ClO4
−]s
)                                                                           (5.1) 
where E, E°´, R, T and F are the redox potential, the formal potential, gas constant, the 
absolute temperature and the Faraday constant, respectively. The correlation between E1/2 
where [R
·
] = [R
+
] and the salt concentration is expressed as follows: 
 
𝐸1/2 = 𝐸PTMA
°′ − 2.3
𝑅𝑇
𝐹
log[ClO4
−]s                                                                                               (5.2) 
 
The equilibrium in redox reaction in the P(TMA-co-TFSI) layer involving cation migration 
and the Nernst equation for the redox reaction are described as follows: 
 
{(R∙)(TFSI−Li+)}p ⇌  (R
+TFSI−)p + (Li
+)s + e
− 
𝐸P(TMA−𝑐𝑜−TFSI) = 𝐸P(TMA−𝑐𝑜−TFSI)
°′ + 2.3
𝑅𝑇
𝐹
log (
[R+TFSI−]p[Li
+]s
[(R∙)(TFSI−Li+)]p
)                              (5.3) 
 
The correlation between E1/2 and the salt concentration is expressed as follows: 
𝐸1/2 = 𝐸P(TMA−𝑐𝑜−TFSI)
°′ + 2.3
𝑅𝑇
𝐹
log[Li+]s                                                                                  (5.4) 
 
E1/2 for the redox reaction of P(TMA-co-TFSI) increased almost linearly with the increase in 
logarithm of the salt concentration, in contrast to the negative correlation observed for PTMA 
(Figure 5.6), corresponding to the difference in the ion migration characteristics between 
P(TMA-co-TFSI) and PTMA. The slope of the E1/2 increase for P(TMA-co-TFSI) was 23 mV, 
which was smaller than the theoretical slope calculated from equation (5.4) (2.3RT/F = 59 
mV). It can be explained by the changes in the swollen state of the copolymer layer during the 
redox process. The negative slope for PTMA was -64 mV, which almost agreed with the 
theoretical slope calculated from equation (5.2) (-2.3RT/F = -59 mV). Note that the 
rocking-chair-type redox behavior, confirmed by both EQCM measurements and the redox 
potential shift, was achieved in one of the most appropriate electrolytes for the practical 
Li-ion battery, binary system of EC/DEC, despite their moderate donor properties (donor 
numbers for EC and DEC are 16.0 and 16.4, respectively
40
) to coordinate Li
+
 for ionic 
dissociation of the fixed anions in the copolymer. The ionic dissociation in the fixed anionic 
group was significant for the Li
+
 migration because the fixed anion should compensate for the 
N-oxoammonium cation prior to an electrolyte anion in the charge balancing process. 
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Therefore, it seems that the high degree of dissociation in TFSI
-
 group even in an organic 
carbonates
41
 allowed the Li
+
 migration in EC/DEC. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.6 Plots of E1/2 versus the electrolyte (LiClO4) concentration obtained from cyclic 
voltammograms of the P(TMA-co-TFSI)-carbon composite electrodes in EC/DEC (1/1 = v/v). 
 
Table 5.2 Electrochemical Parameters of PTMA and P(TMA-co-TFSI). 
Polymer Dapp (10
-11
 cm
2
 s
-1
) kex (10
6
 M
-1
 s
-1
) Rct (ohm) 
PTMA 3.1 1.3 37 
P(TMA-co-TFSI)
a
 1.3 0.6 56 
P(TMA-co-TFSI)
b
 2.9 1.3 81 
a
x = 0.48. 
b
x = 0.32. 
 
The influence of the anionic moiety on the charge propagation property was examined by 
AC impedance analysis and potential-step chronoamperometry. The resistance of charge 
transfer (Rct) estimated from the diameter of the semicircle in the Cole-Cole plots increased 
with an increase in the unit ratio of TFSI-substituted styrene (Table 5.2, Figure 5.7). However, 
the apparent diffusion coefficient (Dapp) determined from the slope of the Cottrell plots 
(Figure 5.8) and electron self-exchange rate constants (kex) calculated from Dapp were not 
affected by the unit ratio that much, although the density of the redox-active radical site in the 
copolymer decreased as the incorporation of the anionic moiety. The charge propagation is 
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accomplished by the redox reaction between the radical sites, which involves the 
mass-transfer process of the charge neutralizing ion. The result was indicative of the 
facilitated charge propagation by the fixed TFSI
-
 group close to TEMPO without the need of 
the anion diffusion in electrolyte. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.7 The impedance spectra for the charge propagation process of the PTMA (black 
solid curve) and P(TMA-co-TFSI) (x = 0.48 (red solid curve) and 0.32 (blue solid curve)) 
modified GC electrodes in EC/DEC (3/7 = v/v) containing 0.1 M LiClO4. The electrode area 
of the modified electrodes were 3.1 and 2.5 cm
2
 for PTMA and P(TMA-co-TFSI), 
respectively. 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.8 Cottrell curve for chronoamperometry of the P(TMA-co-TFSI) (x = 0.48) 
modified GC electrode in EC/DEC (3/7 = v/v) containing 0.1 M LiClO4. The potential was 
stepped from 0.4 to 1.2 V vs. Ag/AgCl. The area of the modified electrode was 2.5 cm
2
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The redox behavior of P(TMA-co-TFSI) was compared with that of the PTMA/PTFSI 
composite (molar ratio of 1/3 based on monomer unit) by cyclic voltammetry. The 
PTMA/PTFSI composite electrode exhibited a two-step wave at E1/2 = 0.69 and 0.86 V vs. 
Ag/AgCl (Figure 5.9). The two-step wave indicated that two kinds of reactions occurred in 
the composite electrode, which were most likely the redox reaction involving the charge 
neutralization process by anions bound to the polymer chain and in the electrolyte. The first 
wave at more negative potential can be assigned to the former reaction in light of the 
thermodynamically favored Li
+
 exclusion (vide supra). The two redox potentials 
corresponded to those observed for the P(TMA-co-TFSI) and PTMA layers, respectively, at 
the same salt concentration in Figure 5.6, which was consistent with the assignment of the 
two-step redox behavior in the composite. Remarkably, cyclic voltammogram of the carbon 
composite electrode consisting of P(TMA-co-TFSI) displayed the single wave at relatively 
negative potential, 0.72 V. These results suggested that almost all of the redox-active radical 
sites throughout the P(TMA-co-TFSI) layer underwent redox reaction involving Li
+
 migration, 
which agreed with the results obtained from the EQCM measurement. It can be attributed to 
the random monomer sequence which allowed all of the TFSI
-
 sites to be within a charge 
neutralizing range. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.9 Cyclic voltammograms obtained for the PTMA/PTFSI- (black solid curve) and 
P(TMA-co-TFSI)- (red solid curve) carbon composites (PTMA/PTFSI or 
P(TMA-co-TFSI)/VGCF/PVDF = 1/8/1 (w/w/w)) on the ITO electrode in EC/DEC (1/1 = 
v/v) containing 0.01 M LiTFSI at a scan rate of 20 mV s
-1
. 
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5.4 Performance of the Radical Battery Employing the Copolymer Cathode 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.10 Cyclic voltammogram of the PTFSI carbon composite on an aluminum current 
collector in EC/DEC (1/1 = v/v) containing 0.01 M LiPF6 at a scan rate of 10 mV s
-1
. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.11 (a) Cyclic voltammogram of a coin cell employing P(TMA-co-TFSI) and Li as 
cathode- and anode-active materials, respectively, with 0.1 M LiClO4 in EC/DEC (3/7 = v/v) 
solution at a scan rate of 10 mV s
-1
. (b) Cycle performance at the charge-discharge rate of 10 
C. Relative capacity was calculated using observed capacity, ca. 20 mAh g
-1
. Inset shows 
charge-discharge curves at various discharging rates of 5, 10, 20 and 30 C. 
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It is well known that lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) is corrosive 
toward an aluminum current collector.
42
 To examine if P(TMA-co-TFSI) can be applied to a 
cathode-active material without corrosion, the electrode consisting of the PTFSI-carbon 
composite and the aluminum current collector was prepared. The anodic corrosive current, 
typically found for polarized aluminum electrodes in the presence of the TFSI
-
 anion,
42
 was 
favorably much less significant in the case of the PTFSI composite electrode coated on the 
aluminum current collector, suggesting that the TFSI
-
 group bound to the polymer chain was 
not corrosive (Figure 5.10). The charge-discharge properties of the P(TMA-co-TFSI) cathode 
was revealed by fabricating a test coin cell composed of a Li anode. The coin cell exhibited 
high output voltage of 3.67 V based on the two-electrode cyclic voltammogram (Figure 5.11a), 
which was considerably higher than the voltage reported for conventional redox polymer 
cathodes demonstrating the rocking-chair-type Li
+
 migration in previous literatures.
9,12,43,44
 
The charge-discharge curves obtained from the test cell showed a plateau voltage near 3.7 V 
(Figure 5.11b). It may be added that lower charge-discharge capacities than the theoretical 
capacity would be caused by polymer aggregation in the composite electrode which could be 
improved by the optimization of the fabrication process of the composite. At 30 C, the 
discharging capacity obtained at a current density of 5 C was maintained at 83% (i.e., the rate 
to fully charge or discharge within 2 min). It should be emphasized that the good rate 
performance reflected the fast charge storage property of the radical polymers without a 
negative effect of the fixed anionic moiety. The charge-discharge properties revealed the 
potential of P(TMA-co-TFSI) and the self-charge compensation approach for high-power 
Li-ion battery. Lower formula weight per radical site leads to the larger theoretical redox 
capacity.
14
 Therefore, our continuous research will focus on search for compact units not only 
as the redox-active site but also as the charge neutralizing anion, while maintaining the 
rocking-chair-type behavior to maximize the energy density. 
 
5.5 Experimental Section 
 
Materials 
Sodium 4-vinylbenzenesulfonate was purchased from Sigma-Aldrich. Vapor grown carbon 
fiber (VGCF) was purchased from Showa Denko Co. Polyvinylidene difluoride (PVDF) was 
purchased from Kureha Chemical Co. All other reagents were purchased from Tokyo 
Chemical Industry Co. and Kanto Chemical Co., Inc. They were used without further 
purification. All solvents were distilled for purification prior to use. The glassy carbon (GC) 
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electrode was purchased from ALS Co., which was cleaned by sonication with isopropyl 
alcohol using AIWA AU-16C ultrasonic cleaner before use. The indium tin oxide (ITO)/glass 
electrode was obtained from Asahi Glass, which was cleaned by plasma etching prior to use. 
 
Apparatus 
1
H and 
13
C NMR spectra were recorded on a JEOL JNM-LA 500 and Bruker AVANCE 600 
spectrometers with chemical shifts downfield from tetramethylsilane (TMS) as an internal 
standard. Infrared spectra were obtained by means of a JASCO FT-IR 6100 spectrometer. 
ESI-MS spectroscopy was done for the negative ion mode using the ion-trap Thermo Quest 
FINNIGAN LCQ DECA. Molecular weight measurements were performed by gel permeation 
chromatography using TOSOH HLC 8220 instrument with DMF containing 0.1 M LiCl as an 
eluent. The film thicknesses were estimated using a KLA Tencor P-6 contact stylus profiler. 
ESR spectra were recorded using a JEOL JES-TE200 spectrometer with a 100 kHz field 
modulation frequency and a 0.1 mT width. The magnetization and magnetic susceptibility 
were measured using Quantum Design MPMS-7 SQUID (superconducting quantum 
interference device) from 10.0 to 300 K in a 0.5 T field. 
 
Electrochemical measurements 
Electrochemical analyses were carried out using an ALS electrochemical analyzer 760 EW. 
A GC plate (2.5 cm  2.5 cm) was employed as a counter electrode, and a commercial 
Ag/AgCl was employed as a reference electrode. The formal potential of the 
ferrocene/ferrocenium couple was +0.45 V vs. the Ag/AgCl electrode. P(TMA-co-TFSI) 
solution in acetonitrile/DMF = 1/1 (v/v) was spin coated to form a layer with a thickness of ca. 
150 nm on a GC electrode using MIKASA 1H-D3 spin coater for estimation of diffusion 
coefficients Dapp in polymer layers and for ac impedance analysis. Dapp were determined from 
the slope of Cottrell plots obtained from potential-step chronoamperometry according to i = 
nFACT(Dapp/πt)
1/2
, where n, F, A, CT  and t are numbers of electrons, the Faraday constant, 
the working electrode area, the concentration of the pendant redox site and time, respectively. 
AC impedance analyses were performed using a Zahner IM6/ZENNIUM system. The 
frequency range was set from 1.0  106 to 1  102 Hz with an ac amplitude of 10 mV. The bc 
bias voltage was set at the half-wave potential. Thereby, 50% of the nitroxide radical units 
were supported to be oxidized to the oxoammonium cation at the bc vias voltage. A Hokuto 
Denko charge-discharge analytical instrument (HJ1001SM8) was used to measure the 
electrical charge-discharge characteristics of a test cell. The cyclability performance of the 
test cell was examined by repeated charge-discharge galvanostatic cycles at different current 
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densities. The cutoff potentials were 2.5-4.2 V vs. Li/Li
+
. The polymers on the substrates were 
swollen and potassium cation was exchanged to lithium cation through repeated scan of 
electrode potential by cyclic voltammetry using lithium salts as an electrolyte prior to 
electrochemical measurements. 
 
Electrochemical quartz crystal microbalance (EQCM) analysis 
P(TMA-co-TFSI) solution in acetonitrile/DMF = 1/1 (v/v) was spin coated to form a layer 
with a thickness of ca. 50 nm on a GC QCM electrode with the diameter φ = 0.5 cm. Change 
in the resonant frequency f was measured simultaneously with the cyclic voltammetry 
performed at a scan rate of 10 mV s
-1
. A SEIKO EG&G QCA 922 was employed to obtain the 
resonant frequency. The obtained f was converted to the mass m changing during the redox 
reaction of the polymer layer by employing Sauerbrey’s equation:45 
 
∆𝑓 = −
2𝑓0
2
𝐴(𝜌0𝜇0)
1
2
∆𝑚                                                                                                                         (5.5) 
 
where f0, A, ρ0 and μ0 are the fundamental frequency of the QCM (9.1 MHz), the electrode 
area (0.20 cm
2
), the density of quartz (2.7 g cm
-3
) and the shear modulus of quartz (3.0  10-11 
dyn cm
-2
), respectively. 
 
Synthesis of potassium 4-styrenesulfonyl(trifluoromethanesulfonyl)imide 
Potassium 4-styrenesulfonyl(trifluoromethanesulfonyl)imide was synthesized according to 
the method described in a previous report,
33
 with slight modifications as follows. Oxalyl 
chloride (2.0 mL, 23.3 mmol) was dissolved in dry acetonitrile (40 mL) and DMF (87 mg, 1.2 
mmol) was added to the solution. The reaction mixture was stirred for 5 h at room 
temperature under light-shielded condition. After the color of the mixture have changed to 
yellow, the mixture was transferred to a flask containing sodium 4-vinylbezene sulfonate (4.0 
g, 19.4 mmol) slowly under nitrogen atmosphere and then stirred for 24 h at room 
temperature to convert to 4-styrene sulfonyl chloride. The precipitated sodium chloride was 
removed by filtration. Trifluoromethanesulfonamide (2.9 g, 19.4 mmol), 
4-dimethylaminopyridine (0.22 g, 1.8 mmol) and trimethylamine (8.1 mL, 58.1 mmol) were 
added to dry acetonitrile (30 mL) and stirred for 1 h to dissolve them. The 4-styrene sulfonyl 
chloride solution was cooled to 0 
o
C and then the trifluoromethanesulfonamide solution was 
added slowly to this solution. The mixture was stirred for 16 h at 0 
o
C. The crude product was 
Chapter 5 
 106 
extracted with dichloromethane and washed with 30 wt% sodium hydrogen carbonate 
aqueous solution and 1 M hydrogen chloride aqueous solution. Excess amount of 1.0 wt% 
potassium carbonate aqueous solution was then added for neutralization. After evaporation, 
the crude product was extracted with acetone, followed by recrystallization in water and 
washed with dichloromethane to yield potassium 
4-styrenesulfonyl(trifluoromethanesulfonyl)imide as a white powder (2.3 g, 6.5 mmol). Yield: 
34%. 
1
H NMR (500 MHz, D2O, 25 
o
C, TMS): δ = 7.84 (d, 3J(H,H) = 8.5 Hz, 2H; ph CH2), 
7.51 (d, 
3
J(H,H) = 8.5 Hz, 2H; ph CH2), 6.77 (dd, 
3
J(H,H) = 11.0, 18.0 Hz 3H; vinyl CH), 
5.91 (d, 
3
J(H,H) = 17.5 Hz, 1H; vinyl CH2); 5.34 (d, 
3
J(H,H) = 11.5 Hz, 1H; vinyl CH2); IR 
(KBr, cm
-1
): 1400 (vS=O), 1329-989 (vC-F); ESI-MS (m/z): calcd 314.3, (M
-
), found 314.0. 
 
Polymerization of potassium 4-styrenesulfonyl(trifluoromethanesulfonyl)imide 
Poly(4-styrenesulfonyl(trifluoromethanesulfonyl)imide) (PTFSI) was synthesized by 
free-radical polymerization according to the previous literature,
33
 with slight modifications as 
follows. Potassium 4-styrenesulfonyl(trifluoromethanesulfonyl)imide (1.0 g, 2.83 mmol) and 
ammonium peroxodisulfate (10 mg, 4.38 mmol) were added to H2O (20 mL) and stirred for 
24 h at 80 
o
C under nitrogen atmosphere. After evaporation, the resulting polymer was 
dissolved in acetonitrile and precipitated from excess amount of THF twice. The 
ultracentrifugation (10,000 rpm for 10 min) was performed to yield PTFSI as a yellow solid 
(0.94 g, 2.66 mmol). Yield: 94%. Mn = 2.9 × 10
4
, PDI = 1.2. 
1
H NMR (500 MHz, D2O, 25 
o
C, 
TMS): δ = 7.59 (br, 2H; ph CH2), 6.61 (br, 2H; ph CH2), 1.44 (br, 3H; vinyl CH); IR (KBr, 
cm
-1
): 1334 (vS=O), 1261-933 (vC-F). 
 
Synthesis of 4-methacryloyloxy-2,2,6,6-tetramethylpiperidin-1-oxyl
46
 
4-Hydroxy-2,2,6,6-tetramethylpiperidin-1-oxyl (TEMPOL) (15 g, 87.1 mmol) and 
triethylamine (18.1 mL, 130 mmol) were added to benzene (435 mL) and cooled to 0 
o
C 
under argon atmosphere. A solution of methacryloyl chloride (11.8 mL, 122 mmol) in 
benzene (38 mL) was added slowly to the TEMPOL solution. The reaction mixture was 
stirred for 10 minutes at room temperature and then stirred for 72 h at 50 
o
C under argon 
atmosphere. After evaporation, the residue was extracted with diethyl ether. The crude 
product was then purified by triethylamine-treated silica gel column chromatography with 
hexane/diethyl ether (1/1 in v/v) eluent, followed by recrystallization with hexane to give 
4-methacryloyloxy-2,2,6,6-tetramethylpiperidin-1-oxyl as a red color solid (12.7 g, 52.8 
mmol). Yield: 61%. 
1
H NMR (500 MHz, CDCl3, 25 
o
C, TMS): δ = 6.09 (s, 1H; vinyl CH2), 
5.57 (m, 1H; vinyl CH2), 5.15 (m, 1H; piperidine methine), 2.05 (m, 2H; piperidine CH2), 
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1.93 (s, 3H; methacrylate CH3), 1.88 (m, 2H; piperidine CH2), 1.38 (s, 6H; TEMPO CH3), 
1.32 (s, 6H; TEMPO CH3); FAB-MS (m/z): calcd for M
+
 240.3; found 240.3. Anal. Calcd for 
C13H22NO3: C, 65.0; H, 9.2; N, 5.8. Found: C, 65.1; H, 9.4; N, 5.8. 
 
Polymerization of 4-methacryloyloxy-2,2,6,6-tetramethylpiperidin-1-oxyl 
Poly(4-methacryloyloxy-TEMPO) (PTMA), was synthesized by anionic polymerization 
according to a procedure described in the literature.
46
 LiCl (1.7 mg, 40 mol) was added to a 
round-bottom flask and heated at 140 
o
C in a vacuum oven for 24 h. The flask containing LiCl 
was then sealed with rubber septa and flame-dried. After cooling to room temperature under 
argon atmosphere, THF (12 mL), toluene (1.2 mL) and 1,1-diphenylethylene (7.9 mL, 0.45 
mmol) was added to the flask. The mixture was cooled to -41 
o
C, followed by addition of 1.6 
M n-BuLi/hexane solution (25 L, 0.4 mmol) to produce a red color 1,1-diphenylhexyllithium. 
A solution of TMA (3.0 g, 12.5 mmol) in THF (45 mL) and toluene (4.5 mL) was poured into 
the initiator solution under argon atmosphere and the mixture was stirred for 1 h at -41 
o
C. 
Degassed methanol was added into the solution to terminate the reaction and then the solution 
was poured into hexane. The resulting precipitate was collected by filtration and dissolved 
again in THF. The crude polymer was purified by reprecipitation from excess amount of 
hexane and dried overnight under vacuum to yield PTMA as a pale orange powder (1.63 g, 
6.78 mmol). Yield: 54%. Mn = 7.1 × 10
4
, polydispersity index (PDI) = 1.0. The radical density 
was estimated to be 2.37 × 10
21
 unpaired electrons g
-1
 (0.95 radicals per monomer unit) by 
SQUID measurement using the Curie plots and the values for saturated magnetization. IR 
(KBr, cm
-1
): 2976 (vC-H), 1726 (vC=O), 1147 (vC-O). 
 
Copolymerization of 4-methacryloyloxy-2,2,6,6-tetramethylpiperidin-1-oxyl and 
potassium 4-styrenesulfonyl(trifluoromethanesulfonyl)imide 
Copolymerization of both monomers was performed at feed molar ratios of 5 : 1, 3 : 1, 2 : 
1, 1 : 1, 1 : 2, 1 : 3 and 1 : 5. The copolymerizations were performed in DMF for 2 h at 70 
o
C. 
The total concentration of the monomers was 1.0 mol L
-1
 with AIBN (1.0 mmol L
-1
). The 
resulting polymer was precipitated from excess amount of diethyl ether twice and then 
purified by dialysis and ultracentrifugation (10,000 rpm for 20 min, three times) with DMF to 
remove any excess unreacted monomer. Yields and molecular weights of all copolymers are 
listed in Table 5.1. Characterization of the polymer synthesized via copolymerization at a 
monomer feed ratio of 1 : 1 was performed as follows. 
1
H NMR (500 MHz, C3D7NO, 25 
o
C, 
TMS): δ = 7.56 (br, 2H; ph CH2), 7.03 (br, 2H; ph CH2), 4.95 (br, 1H; piperidine methine), 
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1.73 (br, 2H; CH), 1.05 (br, 4H; CH2); IR (KBr, cm
-1
): 2973 (vC-H), 1716 (vC=O), 1331 (vS=O), 
1253-933 (vC-F). 
 
Oxidation of the precursor polymers 
The precursor polymer 3 (100 mg) was dissolved in DMF (5 mL) and mCPBA (5  eq. for 
1 moiety) was added, which was then kept stirring for 4 h at room temperature. The resulting 
polymer was precipitated from excess amount of DMF twice and collected by 
ultracentrifugation (10,000 rpm for 20 min, three times). The product was then thoroughly 
dried in a vacuum oven. Characterization of the resulting free radical was described in the 
section 5.2. IR (KBr, cm
-1
): 2981 (vC-H), 1698 (vC=O), 1307 (vS=O), 1237-1021 (vC-F). 
 
Preparation of carbon composite electrodes and cell fabrication 
PVDF (10 mg) was dissolved in N-methyl-2-pyrrolidone (NMP) (5 mL). PTFSI, 
PTMA/PTFSI composite (molar ratio of 1/3 based on monomer unit) or P(TMA-co-TFSI) (x 
= 0.48 or 0.32 from entry 4 or 6 in Table 5.1, respectively) (10 mg) and VGCF (80 mg) were 
added into the PVDF solution. After the addition of NMP (5 mL) into the mixture, they were 
milled for 20 minutes at 30 s
-1
 using FRITSCH PULVERISETTE 23 ball mill grinder. The 
resulting composite was pasted on an ITO electrode or an aluminum foil and then dried under 
vacuum for 4 h at 70 
o
C. A coin cell was fabricated by stacking the composite cathode with a 
separator film and lithium metal as the anode. 
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6.1 Conclusion 
 
In this thesis, the author established the unique electrochemical responses of the device 
employing nitroxide radical-substituted polymers as the charge transport media. The author 
also described synthesis and charge-storage properties of radical polymer bearing 
trifluoromethanesulfonylimide (TFSI) for “rocking-chair-type” organic-based batteries. In this 
chapter, main conclusions are summarized. 
In chapter 2, 2,2,6,6-tetramethylpiperidin-1-oxyl (TEMPO)-substituted polyacrylamide 
incorporating an acrylic acid moiety, PTAm-A, was designed to enhance the swellability in 
aqueous electrolytes and stickiness to electrodes and other polymer layers, while maintaining 
the electron self-exchange reactivity of the radical sites. The redox conduction with large 
currents in the order of several milliamperes was achieved by the steep redox gradient through 
the polymer thin layer in the single-layer devices composed of PTAm-A or polyviologen 
hydrogel (PTPM). The electrochemical rectification with the highly rectified large current (I ~ 
5 mA, RR ~ 100) was established both by the facile redox conduction in each polymer layer 
placed on large-area electrodes and the thermodynamically favoured cross reaction driven by 
the large redox potential gaps.  
In chapter 3, the photocrosslinked poly[2,3-bis(2’,2’,6’,6’-tetramethylpiperidin-1’-oxyl 
-4’-oxycarbonyl)-5-norbornene] (PTNB) and the poly[N,N’-bis(3-pyrrole-1-yl-propyl) 
-4,4’-bipyridinium] (PPPB) layers coated on the current collector exhibited entirely reversible 
redox behaviors and rapid conversion of the redox state throughout the layers toward the 
equilibrium state established by electrode potentials. A single-layer device composed of the 
photocrosslinked PTNB layer showed the diffusion-limited charge transport driven by the 
redox gradient depending on the layer thickness as a result of the charge propagation through 
the homogeneous polymer layer. The rectified effect was obtained from the bilayer device 
fabricated by sandwiching the photocrosslinked PTNB and the PPPB layers with electrodes. 
Driving voltages of the bilayer device agreed with the redox potential gap between the two 
polymers, which suggested that the thermodynamically favored cross reaction dominated the 
electrochemical response. Charge transport based on the ideal redox mediation in both layers 
allowed rectified diffusion-controlled redox conduction, which was demonstrated by the 
current-voltage response corresponding to the redox gradient. 
In chapter 4, the polymer-sandwiched device composed of the thin PTNB layer showed the 
large diffusion-limited current density of ca. 40 mA cm
-2
 based on the steep redox gradient. 
The device displayed the narrow region of the gate voltage where the device turned on as an 
electrochemical transistor and exhibited the electrochemical amplification effect in response 
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to the AC input voltage. 
In chapter 5, TEMPO- and TFSI- bearing copolymer, 
poly(2,2,6,6-tetramethylpiperidin-1-oxy-4-yl methacrylate-co-styrenesulfonyl 
(trifluoromethanesulfonyl)imide) (P(TMA-co-TFSI)), was synthesized with controlled 
compositions. The monomer reactivity ratios determined by Fineman-Ross method suggested 
the progress of random copolymerization providing the favored monomer sequence for the 
self-charge compensation. The change in the electrode weight during the redox process and 
the correlation between the redox potential and the salt concentration proved that the 
P(TMA-co-TFSI) layer demonstrated the rocking-chair-type Li
+
 migration. Almost all of the 
redox-active sites in the P(TMA-co-TFSI) layer underwent the Li
+
 migration even in the 
carbonate-based electrolyte, which was ascribed to the strongly delocalized negative charge in 
the TFSI
-
 group and the closely positioned TEMPO and TFSI
-
 units originating from the 
random monomer sequence. The P(TMA-co-TFSI) composite electrode performed swift 
charge-discharge at a high output voltage (~ 3.7 V) due to the fast p-type redox reaction at the 
TEMPO group. 
 
 
6.2 Future Prospects 
 
The redox conduction effect in the radical polymer layers and the fast rocking-chair-type 
charge-discharge characteristics with high output voltage revealed a great potential of radical 
polymers not only as a charge transport medium but also as a charge-storage material for 
various future electrochemical devices. In this section, the potential applications utilizing the 
redox conduction effect and a promising approach to maximize the energy density of the 
organic-based Li-ion battery are described as future prospects. 
 
6.2.1 Redox Polymer-Mediated Swift Charging in Li-Ion Battery 
 
The charge-discharge process of inorganic transition-metal oxides such as LiCoO2, 
LiMn2O4, and LiFePO4 have been studied for Li-ion batteries due to their lithium 
intercalation reaction avoiding the lithium deposition, large specific capacity and long cycle 
stability. However, the power density of Li-ion batteries is limited by the redox reaction 
process of these electrode-active materials. To enhance the power characteristics, many efforts 
have been undertaken.
1,2
 For example, coatings of inorganic transition metal oxides with Li
+
- 
and electron-conductive materials were attempted to mitigate the effect of the poor electronic 
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and ionic conductivities of the active materials on the charge-discharge process.
3,4
 The 
facilitated redox mediation described in Chapter 2-4 in the radical polymer layer would be 
applied for the fast charging. The radical polymer layer located between the current collector 
and the inorganic transition-metal oxides could accelerate the charging process in the form of 
the hybrid electrode (Figure 6.1). Although the lower specific capacity of conventional redox 
polymers than that of inorganic transition-metal oxides decreases the overall capacity in the 
hybrid electrode, the composition would be optimized to reduce the capacity loss maintaining 
the redox mediation effect. 
    
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.1 Redox mediation process in the hybrid electrode composed of a redox polymer 
and LiMOx. 
 
6.2.2 Signal Amplification for Sensing and Molecular Logic Gating 
 
A number of redox-active polymers have been employed as a redox mediator in 
(bio-)sensors to detect the analytes with the large response signal as referred in Chapter 1. The 
electrochemical rectification effect based on the thermodynamically favored cross reaction 
was also applied for the signal amplification in biosensors.
5,6
 The redox conduction with a 
large rectified current and the amplification effect in the radical polymer layers could enhance 
the sensing properties via the signal amplification (Figure 6.2a). 
Demands for ultrafast calculation and large storage capacity in the development of 
computers make miniaturization of an electronic circuit urgent issue. It aroused a growing 
interest in molecular devices
7
 and logic gates.
8
 Recently, Mayer et al. developed a XOR logic 
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gate employing the self-assembled monolayer of ferrocene derivative on Au.
9
 The output 
signal of the logic gate was determined on the basis of the electrochemical rectification 
process. The rectification effect with the dissimilar polymer layers described in Chapter 2 
could develop enhanced polymer-based logic gate taking advantage of the redox conduction 
effect with large current. In this system, the surface coverage of the redox sites and redox 
potential gap would be optimized to increase the output current and the on/off ratio. It should 
be noted that the performance of the radical polymer-based logic gate should be nearly 
independent of the kind of electrode materials. 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.2 (a) Signal amplification in a sensing system using the TEMPO-substituted 
polymer-modified electrode and (b) polymer-based XOR logic gate and the definitions of 
input and output signals in the system. 
 
6.2.3 Rocking-Chair-Type Charge-Discharge Characteristics in Radical Copolymer  
Containing Compact Charge Neutralizing Anion 
 
The increase of the charge-discharge capacity put forward rechargeable batteries for a 
practical use and extensive researches have been progressed for new energy storage systems, 
such as Li-S battery
10
 and Li-O2 battery
11
 to achieve high energy density. While the molecular 
design proposed in Chapter 5 was aimed at the increase of the energy density in an overall 
cell, the charge-discharge capacity in the cathode would be maximized by the other approach. 
The incorporation of compact anion into the radical polymer increases the theoretical capacity 
as a result of the lower formula weight per radical site. One of the promising candidates for 
the radical copolymer is poly(2,2,6,6-tetramethylpiperidin-1-oxy-4-yl 
methacrylate-co-vinylsulfonyl(trifluoromethanesulfonyl)imide) (P(TMA-co-VTFSI)) (Figure 
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6.3). 
 
 
 
 
 
 
Figure 6.3 Molecular structure of P(TMA-co-VTFSI) and its redox reaction involving the Li
+
 
migration process. 
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